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Abstract 
The effective determination of the hydrodynamic sizes of nanomaterials 
functionalized with various coatings is a topic of intense research. Analytical 
ultracentrifugation, a lesser known characterization method that provides hydrodynamic 
size via a parameter termed the sedimentation coefficient, provides this information in a 
manner unsurpassed by alternative methods. In the first part of this thesis, I present the 
application of analytical ultracentrifugation to ligand-stabilized nanocrystals of cadmium 
selenide, iron oxide, and gold in organic solvents. This method was able to provide 
distinct sedimentation coefficients for these model nanocrystals, some of which were 
different in diameter by only an angstrom. Further, we show that the sedimentation 
coefficient has a significant dependence on the density of the composite material, which 
is based on the size of the nanomaterial and surface coating. Therefore, we introduced a 
descriptive size-dependent term into conventional models that accounts for both the 
inorganic core and organic coating to more accurately represent the overall density. We 
also explored the effects of different approaches for analytical ultracentrifugation data 
analysis on the sedimentation coefficients obtained and found that all methods yielded the 
same value. Finally, we elucidated experimental parameters for the ultracentrifuge that 
specifically affect nanomaterial samples and established best practices for studying 
sedimentation for these types of materials. The results from this work allow for better 
agreement between experimental and theoretical sedimentation coefficients, which is 
useful for accurately evaluating hydrodynamic sizes of nanomaterials. 
In the second part of this thesis, the relationship between protein surface charge 
and gold nanoparticle aggregation is explored by using pH variation and chemical 
modification. Lysozyme and a-lactalbumin share a common three-dimensional fold but 
have significantly different isoelectric points (pi) and surface charge distributions. 
Myoglobin is also a small globular protein with a pK intermediate between a-lactalbumin 
and lysozyme, and a variant with a specific sulfhydryl group has been generated. These 
proteins have been conjugated to gold nanoparticles under varying pH conditions and 
following chemical modifications that impact the protein's pi. Changes in UV-visible 
spectra, TEM distribution, and dynamic light scattering indicate that significant 
aggregation depends on a positively charged protein surface. 
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Chapter 1. Introduction to analytical ultracentrifugation of nanomaterials 
1.1. Importance of nanomaterials characterization 
The rise of nanotechnology at the end of the 20th century sparked a whole new 
area of science that both encompasses and joins together the traditional, disparate fields 
of the sciences and engineering. At its inception, the scientific community was extremely 
motivated by this field because nanomaterials often had novel physical characteristics 
that not only differed from their bulk counterparts, but also exhibited size-dependent 
properties within the nanoscale itself. For example, semiconducting nanoparticles that 
differ by a few nanometers are different colors, which reflect the differences in the sizes 
of their bandgaps (Alivisatos, 1997). More recently, it has been shown that smaller iron 
oxide nanoparticles (9 nm) were more effective at remediating carbon tetrachloride than 
90 nm iron oxides (Vikesland, Heathcock et al., 2007). Therefore, determining the sizes 
of nanomaterials has become an essential step in performing research in this area and 
developing applications. Unlike the early days of this new field, during which 
nanotechnology was mostly confined to laboratories, the present application of nanoscale 
materials extends beyond the research setting and into the homes of consumers. 
Television and print ads promote products that contain nanoscale components, and one 
does not have to search very intensively to find antimicrobial socks, paint, face cream, 
and a host of stain- and wrinkle-resistant fabrics that all benefit from nanotechnology. 
As nanotechnology implementation has extended from primarily scientific 
applications into medical products and consumer goods, the need for characterizing these 
materials has also increased. One key factor that is evident from perusal of the literature 
in this field is that there is no uniform standard by which all nanomaterials are evaluated, 
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partly because of the diversity of properties of these materials as a whole. Further, the 
existing processes by which nanomaterials are characterized today are time-consuming 
and expensive, making this process the rate-limiting step in both scientific research and 
consumer applications. High time demands can certainly be prohibitive in both settings, 
increasing operating costs and potentially limiting the technologies available to general 
public. 
The issues surrounding the characterization of nanomaterials are a very general 
problem; however, this thesis will focus further on the unique challenges associated with 
characterizing bionanoconjugates, or nanomaterials functionalized with biomolecules. 
This class of nanomaterials, since it is comprised of two components, is set apart from 
traditional nanomaterials because bioconjugates require information that is nearly always 
obtained by more than one characterization method. For instance, the size of the 
nanomaterial can be obtained from traditional microscopy tools, but these tools cannot 
provide any detailed information about a biomolecule that may be attached. Or, gel 
electrophoresis can provide biomolecular information, but can be of little use in assessing 
a nanomaterial if no surface charges are present. 
Characterization of bionanoconjugates with one tool simply, inexpensively and 
quickly would be ideal and would ultimately facilitate the application of these materials 
in more settings. This "perfect" instrument would provide hydrodynamic information, as 
quite a few applications would require. Further, if this tool could independently evaluate 
the nanomaterial and biomolecule components, then such an application could also 
evaluate a nanomaterial-biomolecule composite. If an instrument existed that could 
perform these tasks with minimal user bias, while simultaneously evaluating a large 
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sample population to achieve statistical significance, then that characterization method 
would provide a significant step toward resolving key issues surrounding this class of 
materials. 
1.2. Overview of current characterization methods for nanomaterials 
Knowledge of size is an important first step in the utilization of nanomaterials. 
Because this aspect of characterization is required for all materials regardless of 
application and scale, methods that provide as much information as possible 
inexpensively, efficiently, and simply are of great value to current and future engineered 
nanomaterials. Therefore, the currently accepted methods by which this information is 
obtained are discussed here in greater detail to both fully highlight the value of such tools 
and present the difficulties that they pose. 
1.2.1. Analysis methods for dried samples 
Dried sample analysis methods, particularly microscopy, have long been 
implemented in nanomaterials characterization. These tools are particularly useful 
because they directly visualize the sample, providing a way to determine shape in 
addition to size. Further, other detailed information can be revealed, such as surface 
topography and overall crystallinity. Although there are many disadvantages associated 
with these methods (e.g., the inability to physically separate or recover sample materials), 
the information provided outside of size determination cannot be obtained by other 
means. 
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1.2.1.1. Transmission Electron Microscopy 
One of the most common methods for determining the sizes and shapes 
nanomaterials is transmission electron microscopy (TEM). Characterization with TEM 
first involves creating dilute suspensions of a sample, placing a small drop (-20 
microliters) on a copper grid, and allowing the sample to dry. The sample is bombarded 
with a uniform beam of electrons, with an acceleration voltage that can range from 100 
kV to 3 MV, that pass through the sample to a detector. The interaction of the electrons 
with the atoms in the sample produces an image based on the electron cloud density of 
the sample. Samples with high density, such as metals, generate images with a high 
degree of resolution and contrast (Reimer and Kohl, 2008). 
TEM has two key advantages: (1) This method allows for the direct visualization 
of the sample, allowing users to quickly determine particle shape in addition to size. (2) 
TEM yields images with a resolution of 0.1 to 0.2 nanometers. However, multiple 
disadvantages compromise its efficiency. Since high contrast, high resolution images are 
obtained with samples with high electron cloud density, high quality images are difficult 
to obtain for semiconducting and biological samples (Reimer and Kohl, 2008). This 
challenge is illustrated in Figure 1.1 for hemoglobin- and myoglobin-capped gold 
nanoparticles, where only the particle is visible. 
Once the images are obtained, they must then be analyzed by hand or with image 
analysis software. In either case, the user must render judgments with respect to defining 
particle edges, thereby introducing error in the measurements obtained. The impact of 
this error can be significant because TEM requires the samples to be dry. During this 
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Figure 1.1. Transmission electron micrographs of hemoglobin- and 
myoglobin-capped gold and silver nanoparticles. In all images, only the gold 
nanoparticles are visualized. (A) hemoglobin-capped gold nanoparticles. (B & C) 
are high-resolution images of hemoglobin-capped gold nanoparticles. (D) 
myoglobin-capped gold nanoparticles. (E) hemoglobin-capped silver nanoparticles. 
(F) myoglobin-capped silver nanoparticles (Tom, Samal et al., 2007). 
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process, the sample particles can aggregate into complex patterns, making it difficult to 
define the particle edges. Additionally many particles must be sized in order to obtain 
results that are statistically significant (Vigneau, Loisel et al., 2000). These 
disadvantages taken together demand extensive amounts of time, rendering this method 
cumbersome for large-scale needs. Also, many nanomaterials have surface coatings that 
provide stabilization against aggregation, and a key challenge is that these coatings 
cannot be visualized. Further, measurements obtained on dry samples preclude 
determining hydrodynamic sizes of complex nanomaterials using this method. 
1.2.1.2. Scanning Electron Microscopy 
Another common microscopy method employed for determining the sizes of 
nanomaterials is scanning electron microscopy (SEM). This tool functions in a manner 
similar to TEM. Samples are barraged with high-velocity electrons in linear or raster 
pattern. The electrons interact with sample atoms to generate an image. SEM advantages 
are numerous: The results provide information on sample size, shape, composition, and 
conductivity. Additionally, the resolution (1-20 nanometers) is such that the topography 
of the surface is clearly visible, as shown in Figure 1.2. However, a main disadvantage is 
that samples that are not conductive must undergo an additional preparative step of 
sputter coating with gold in order to obtain a reasonable image. Another disadvantage is 
that the resolution is not sufficient to image individual atoms. As with TEM, this method 
requires significant time to obtain results because many particles must be sized to reach 
statistical significance (Goldstein, Newbury et al., 2003). 
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Figure 1.2. Scanning electron micrograph of quantum dot bioconjugates 
encapsulated within a polymer coating. The coatings on the quantum dots are 
visible as white rings in the top image. The bottom image allows visualization of 
surface topology (Kim, Jiang et al., 2008). 
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1.2.1.3. Atomic Force Microscopy 
Atomic force microscopy (AFM) is also widely used to characterize 
nanomaterials. Instead of using high-speed electrons to generate an image like TEM or 
SEM, this tool relies on a nanoscale tip that physically touches the sample surface. The 
tip, which rests on a cantilever, interacts with the sample via a variety of intermolecular 
forces. As the tip scans across the sample grid, it will reach a particle. The force on the 
tip is increased, and this change is detected via a laser. The sample stage then adjusts 
vertically to maintain a constant force. The position of the tip and the change in position 
of the sample stage are then used to construct a three dimensional image of the sample, as 
shown in Figure 1.3 (Morris, Kirby et al., 1999). 
AFM is particularly appealing for many reasons: First, the cost is very low in 
comparison to other microscopy tools. Second, samples do not have to be electrically 
conductive, allowing biological molecules and polymers to be viewed easily without an 
additional preparative step (Morris, Kirby et al., 1999). Further, the resolution of the 
AFM is of the same order as TEM, allowing individual atoms to be viewed (Sugimoto, 
Pou et al, 2007). Although AFM is extremely versatile, its main disadvantage is that of 
other microscopy tools: The method is time consuming because many particles must be 
examined in order to provide accurate, statistically significant results. 
1.2.1.4. Powder X-ray Diffraction 
Powder X-Ray Diffraction (PXRD) is yet another common characterization 
method that provides nanoparticle size indirectly. X-Rays are directed at a sample of 
interest and scatter inelastically. Highly crystalline materials will render a characteristic 
i 
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Figure 1.3. Atomic force micrograph of quantum dot nanoparticles coated 
with biotin. This image provided both shape and size information. Image size is 1 
Urn2 (Nehilla, Vu et al., 2005). 
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diffraction pattern that then can be used to determine size using the Scherrer equation 
(Whiston, 1987). One main advantage of PXRD is that many particles are sized at one 
time. PXRD has one major disadvantage: It only measures materials that are highly 
crystalline, which is a state not readily achieved by some nanomaterials and their 
bioconjugates. 
1.2.2. Analysis methods in solution-phase 
Solution-phase characterization methods are often more advantageous than dry 
methods because more particles are analyzed at time, yielding more statistically accurate 
results. Second, since these tools evaluate materials in solvents, the data outputs fully 
reflect the material dimensions in fluids, and there are no drying effects to overcome that 
impede analysis. Finally, the analysis processes for solution-phase tools rely less 
extensively on user reasoning, significantly minimizing user bias. 
1.2.2.1. Dynamic Light Scattering 
One of the more familiar methods for characterizing nanomaterials in solution-
phase is dynamic light scattering (DLS). Interpreting the results of this tool relies on 
light scattering theories. Particles in solution will scatter light in a manner that directly 
correlates to the properties of those particles, including size, shape, and optical 
characteristics. The intensity of the scattered light modulates over time to reflect the 
random movements of particles in solution and is represented by the autocorrelation 
function: 
1 '" C(s, td) = lim — \i(s, t){s, t + td)dt [1.1] 
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where the function i(s,t) is the value of the intensity of scattered light with time and td is 
the time delay. Particles in solution move with a speed that is dependent on particle size. 
Therefore, the modulations of scattered light intensity with time directly reflect particle 
size via the diffusion coefficient and the Stokes-Einstein relation (Hiemenz and 
Rajagopalan, 1997). The data are typically displayed in a histogram, as shown in Figure 
1.4. 
DLS offers many positive attributes as a characterization tool: First, sample 
volumes up to 1.5 milliliters are analyzed at a time, yielding results that are more 
statistically significant than microscopy methods. Second, the process to obtain particle 
sizes is very rapid, making this method ideal for characterization of multiple samples 
(Bootz, Vogel et al., 2004). However, this method also has some notable disadvantages: 
DLS does not accurately analyze particles below 10 nanometers in diameter, and results 
are overly sensitive to small numbers of very large particles, including dust or aggregates. 
Finally, assumptions about particle shape included in the autocorrelation function can 











Figure 1.4. Dynamic light scattering data for gold nanoparticles coated 
with lysozyme. These citrate-stabilized particles were conjugated with 
lysozyme at pH 12, and this dataset reflects that the bioconjugates were 
largely unaggregated, although of varying size. 
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1.2.2.2. Chromatographic Methods 
Chromatography, while not as widely used as DLS, is an extremely robust method 
for characterizing materials in the solution-phase. Although many types of 
chromatography exist, the primary application for the characterization of nanomaterials is 
size-exclusion chromatography (SEC). Chromatography as a whole involves the use of 
stationary and mobile phases and takes advantage of differential rates of particle 
migration in the mobile solution phase in contact with the stationary phase. In size 
exclusion chromatography, the rate of migration is inversely proportional to particle size. 
The pores within the stationary phase trap smaller particles within them, thereby 
retarding this population; in contrast, larger particles bypass the pores and elute rapidly 
within a lower elution volume, as shown in Figure 1.5 (Hamilton and Sewell, 1982). 
The advantages of size exclusion chromatography are numerous: First, the 
element of user bias is minimal compared to microscopy methods because the 
characterization process itself is largely independent of the expertise of individual users. 
Second, elution exhibits a high degree of reproducibility with resolution on the angstrom 
scale. Further, chromatography both characterizes and physically separates samples 
quantitatively, an attribute not possessed by any other methods presented thus far. The 
disadvantages are that chromatography is more expensive than other solution-phase tools, 
and there is an added cost for continuous maintenance and replacement of instrument 
components. Also, the user must have some knowledge of how the samples under 
investigation interact with the stationary phase in order to achieve the maximum 
resolution. Should there be interactions with this phase, a new stationary phase may 
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Figure 1.5. Size exclusion chromatograms of polymer nanoparticles conjugated 
to bovine serum albumin (BSA). BSA was originally conjugated to a macro charge 
transfer agent (macroCTA) (black curve) to facilitate RAFT polymerization, and the 
resulting complex eluted at a larger volume (smaller size). The BSA-macroCTA 
device then underwent RAFT polymerization with poly(N-isopropylacrylamide) 
(PNIPAM—blue curve), and the elution volume decreased, indicating successful 
polymerization. Finally, mixtures of polymerized BSA and unmodified BSA were 
detected following thermal precipitation (red curve). These curves track 
modification to BSA and solution composition (De, Li et al., 2008). 
J_ 
15 
sample surface can be tailored to prevent interaction, but the additional preparative step 
may be undesirable for the final product after characterization (Hamilton and Sewell, 
1982). 
1.2.2.3. Small Angle X-ray Scattering 
Small angle X-ray scattering (SAXS) is also used to characterize nanomaterials in 
solution. X-Rays are directed at a solution, and the particles within the solution cause a 
deviation in the X-ray beam from the original path, or inelastic scattering, at angles of 
10° or less (Glatter and Kratky, 1982). This method actually measures the variation in 
the scattering intensity due to the scattering angle. When applied to nanoscale particles 
that have a known shape, the scattering intensities can be fit to models that in turn 
provide particle size and distribution (Lee, Meng et al., 2006; Snyder, Lee et al., 2007). 
One main advantage of this method is that the time to obtain results is relatively short 
compared to microscopy methods. However, the disadvantages are significant: Particle 
shape must be determined by another method, and the models used to provide particle 
size assume that all particles within the solution are uniform in shape. 
1.2.2.4. Gel Electrophoresis 
Traditionally gel electrophoresis has been applied qualitatively to biomolecules 
for purposes such as determining sample purity and approximate molecular weights 
(Westermeier, 2005). For sizing proteins, samples are first placed in sodium dodecyl 
sulfate (SDS) to denature and by direct interaction with this detergent confer all sample 
components with a negative charge. These negatively charged samples are then loaded 
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into a gel usually comprised of porous polyacrylamide (PA), followed by the application 
of an electric field. The electric field causes the samples to migrate through the pores of 
the gel toward the anode. Since all protein particles in the presence of SDS contain 
approximately equal density of negative charges and the proteins are unfolded, the only 
factor affecting migration rates, and thereby separation, is molecular weight. The pores 
within the gel are large enough such that smaller components migrate much more rapidly 
than larger components (Westermeier, 2005). In recent years, however, the use of gel 
electrophoresis has been extended to nanomaterials (Aubin-Tam and Hamad-Schifferli, 
2005). Agarose gels can be used for large particle-protein complexes in the absence of 
SDS, as shown in Figure 1.6. In this case, overall charge, size, and shape determine 
mobility. 
Many factors make gel electrophoresis attractive as a characterization tool for 
proteins. First, negative charge On the sample in SDS-PA gel electrophoresis insures a 
high electrophoretic mobility, making separations more efficient. Second, the significant 
resolution of sample components is possible because the rapidity of the method limits the 
effects of diffusion (Westermeier, 2005). There are also a few factors that limit the utility 
of electrophoresis. First, samples either must already have or be able to take on a 
uniform charge density so that migration through the gel is proportional to size, a 
condition that excludes many nanoparticles and their conjugates. Secondly, because the 
pores in the gel retard larger components, nanoparticles are often too large to migrate 
appreciably through a gel matrix that can be easily generated and manipulated. Third, the 
process of electrophoresis itself is time-consuming for the amount of sample that is 
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Figure 1.6. Agarose gel electrophoresis of bis-(p-
sulfonatophenyl)phenylphosphine (BPS)-coated gold nanoparticles 
conjugated to cytochrome C. Lane 1 is BPS-coated gold. Lane 2 is BPS-
coated gold conjugated with yeast cytochrome C. Lane 3 is yeast cytochrome 
C alone. Lane 4 is BPS-coated nanoparticles conjugated with horse 
cytochrome C. Lane 5 is horse cytochrome C alone (Aubin-Tam and Hamad-
Schifferli, 2005). 
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typically characterized, limiting the efficiency and volume of materials that can be 
analyzed. Finally, since electrophoresis is based on charge density, shape and molecular 
weight, differences in shapes, density, or other parameters of interest are not readily 
assessed without special circumstances (e.g., proteins in SDS-PA gel electrophoresis) 
(Westermeier, 2005). 
1.3. Analytical ultracentrifligation 
Analytical ultracentrifugation (AU) is a hydrodynamic characterization method 
invented by Svedberg in 1920. In its infancy, this method was used to provide the 
hydrodynamic radius and corresponding distribution of gold particles in the colloidal size 
range (Svedberg and Nichols, 1923; Svedberg and Rinde, 1923). Iron oxide particles 
were characterized a short time later (Nichols, 1932; Nichols, Kraemer et al., 1932). 
After its initial applications, AU was extensively applied to the characterization of a 
variety of biological and polymer molecules, and very little research utilizing this method 
pertained to colloidal metal particles. During this period, the wide range of information 
that could be extracted from AU data was delineated. Over the past twenty years, the 
rising popularity of nanotechnology and interest in quickly and effectively determining 
the sizes of large populations of particles has marked a resurgence of AU as a method of 
choice for characterizing simple and complex metallic nanomaterials in solution. 
An analytical ultracentrifuge is simply a centrifuge combined with an optical 
detection system. The centrifuge portion of the instrument facilitates the collection of 
particles in one region by applying a centrifugal force. What makes an analytical 
ultracentrifuge so powerful is the optical detection system that allows for the direct and 
19 
real-time visualization of particle migration via concentration profiles throughout the 
experimental run. Mathematical manipulation of these concentration profiles allows 
extraction of meaningful information, most notably hydrodynamic size, via a parameter 







where s is the sedimentation coefficient, m is the mass of the solute, p is density, rj is the 
viscosity of the solvent, and RH is the hydrodynamic radius of the solute. Typical 
analyzed data from AU are represented as distributions of the sedimentation coefficient, 
or s-value similar to Figure 1.7. AU also measures hydrodynamic properties to yield the 
molecular weight of the solute if solute and solvent densities as well as solvent viscosity 
are known. Sample purity and heterogeneity can be quickly assessed. Moreover, AU can 
be used to measure thermodynamic properties such as binding constants and association 
states (e.g., dimer or trimer). A detailed discussion of how data from the AU can be 
utilized to provide hydrodynamic and thermodynamic information is provided in Chapter 
2. 
AU is particularly advantageous because a single instrument provides information 
on multiple traits associated with the most commonly accepted characterization methods. 
AU characterizes solutes in solution-phase, enabling the direct determination of 
hydrodynamic size, which makes it possible to characterize complex nanomaterials such 
as bioconjugates and other coated nanomaterials. More importantly, hydrodynamic size 








Figure 1.7. Analyzed AU data. Typical AU data are represented as 
distributions of sedimentation coefficients, or s-values, which are measures of 
hydrodynamic size. This dataset is from ultracentrifugation profiles of ligand-
stabilized cadmium selenide nanocrystals. 
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significantly better than DLS and similar to chromatography methods, and no sample-
specific tailoring is required for AU. AU also permits the analysis of a larger sample 
population (approximately 450 uL of sample at a greater concentration) than traditional 
microscopy analyses, at the same time yielding results that are more statistically accurate. 
Analysis methods for AU data are such that user bias is minimal compared to 
conventional nanomaterial characterization methods, which require a significant amount 
of user input and/or judgment. On this same note, since AU relies on first principles, a 
wide variety of data analysis options can be used and generally give results within the 
error of the limits introduced by the ultracentrifuge itself. Finally, analysis by AU is non-
destructive, permitting the recovery of sample after analysis, and avoiding loss of 
expensive and hard-to-synthesize materials. This feature is in common with DLS and in 
contrast to microscopy methods. 
Although AU provides many advantages, disadvantages are also associated with 
this method: AU provides angstrom resolution on par with chromatography techniques. 
However, in contrast to chromatography, AU is not nearly as effective in physically 
resolving distinct populations of particles that are close in size. Further, even though AU 
is capable of analyzing larger samples volumes and concentrations than some 
conventional tools, the volumes are not nearly large enough to be applied on the 
industrial scale, presenting both a unique challenge and an opportunity in the area of 
instrument design. 
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1.4. Previous applications of analytical ultracentrifugation 
1.4.1. Biomolecules 
Soon after the invention of the ultracentrifuge, many scientists began using this 
tool to quantitatively determine the molecular weights of proteins such as albumin 
(Svedberg and Nichols, 1926; Svedberg and Sjogren, 1929; Hill and Trevorrow, 1942; 
Palmer, 1944), edestin (Svedberg and Stamm, 1929), casein (Carpenter, 1931), fibrinogen 
(Hill and Trevorrow, 1942), lipoproteins (Lindgren, Elliott et al., 1951; Lindgren, Nichols 
et al, 1955), lysozyme (Bruzzesi, Chiancone et al., 1965), insulin (Cunningham, Fischer 
et al., 1955), and diphtheria toxin proteins (Lundgren, Pappenheimer et al., 1939; 
Petermann and Pappenheimer, 1941), to name a few. It was also during the infancy of 
ultracentrifugation that Svedberg began to investigate the effects of pH and other 
parameters, such as salt concentration, addition of specific ions, and protein 
concentration, on the structure and dissociation of protein complexes by measuring the 
sedimentation coefficients under varying conditions (Svedberg, 1938). As researchers 
began to develop more confidence in the method, more elaborate experimental 
undertakings were performed. For example, antibody-antigen complexes were studied to 
quantitate precipitin and agglutinin reactions (Heidelberger, 1939) and assess 
thermodynamic parameters to aid in the calculation of binding constants (Singer and 
Campbell, 1955). Additionally, the buoyant density method was proposed to allow for 
the determination of the density of proteins, which enabled sedimentation coefficient 
distributions to be converted into hydrodynamic sizes (Edelstein and Schachman, 1967). 
The application of analytical ultracentrifugation was extended to DNA and RNA 
starting in the mid 1960s. As with protein systems, the main use of AU in these studies 
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centered on determining the molecular weight of DNA, in both free (Saunders and 
Campbell, 1965; Oda and Marmur, 1966) and aggregated forms (Rosenbloom and 
Schumaker, 1967). Molecular weight determinations using AU were also used to track 
RNA degradation by ribonuclease (McPhie, HoUnsell et al., 1966). Other complex 
biological entities, such as ribosomes, have been studied with AU to evaluate their 
properties (Hess and Lagg, 1963; Dietz, Reid et al., 1965). This tool has also been 
applied to characterizing viruses. In one example, AU was used to track the degradation 
of tobacco mosaic virus (Lauffer, 1943); in another example, the known characteristics of 
tobacco mosaic virus were used to prove the effectiveness and accuracy of AU 
(Schachman, 1948). While tobacco mosaic virus has been studied extensively with AU, 
other viral systems have also been characterized by AU such as rabbit papilloma, tomato 
bushy stunt, yellow turnip mosaic, foot and mouth disease, and alfalfa mosaic viruses, to 
name a few examples (Schachman, 1951; Trautman, Breese et al., 1962; Kaper, 1964; 
Dome and Hirth, 1970; Veldstra, Kruseman et al., 1971). 
1.4.2. Polymers 
As with biological molecules, AU has also been widely applied to the 
characterization of many polymer systems. In the 1930s, the first polymers were 
investigated using AU. These quantitative studies primarily provided information about 
the molecular weights and densities of the systems under investigation. A few of the 
many polymers that have been investigated include cellulose, starch, ketene, casein, 
dextran, and polyvinylpyrrolidone (Kraemer and Lansig, 1935; Wolfrom, Myers et al., 
1939; Ott, 1940; Burton, Davis et al., 1941; Boyer, 1946; Doty and Mark, 1946; Miller 
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and Hamm, 1953; Hellman, Tsuchiya et al., 1955; Tsuchiya, Hellman et al., 1955; von 
Hippel and Waugh, 1955). 
1.4.3. Nanomaterials 
The application of AU to nanoscale materials did not begin with the inception of 
nanotechnology. Instead, its use to characterize synthetic materials in this size range 
began with the invention of the tool. In 1923 and 1924, Svedberg and coworkers first 
used AU to determine the hydrodynamic sizes of gold colloid as well as colloidal barium 
sulfate, clay, and arsenious sulfide (Svedberg and Nichols, 1923; Svedberg and Rinde, 
1923; Svedberg and Rinde, 1924). Less than 10 years later, Nichols et al. determined the 
sizes of iron oxide colloid using this tool (Nichols, Kraemer et al., 1932). In both these 
initial applications of AU, the conversion of sedimentation coefficients into 
hydrodynamic sizes was accomplished by estimating the particle densities. 
It was not until approximately 20 years later that AU was again applied to 
materials on the nanoscale. This time, however, polymer particles were the focus of 
these studies. Latex, polystyrene-latex, polystyrene, N-isopropylacrylamide, 
polyethylene oxide, and micelle-forming polymers, among others, were investigated in 
analytical ultracentrifuges to determine particle size distributions and densities 
(McCormick, 1964; Li, Caldwell et al, 1990; Lange, 1995; Colfen and Pauck, 1997; 
Hahn, Gornitz et al., 1998; Bronstein, Sidorov et al., 1999; Lavrenko, Okatova et al., 
1999; Machtle, 1999; Rager, Meyer et al., 1999; Bronstein, Chernyshov et al., 2000; 
Tziatos, Precup et al., 2002; Vogel, Gohy et al., 2003; Bootz, Vogel et al., 2004; Colfen, 
2004; Lechner, 2005). Because most polymeric materials already have well-
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characterized solution properties (e.g., density), the conversions of sedimentation 
coefficients into hydrodynamic radii were straight-forward and fairly accurate. Protein-
based nanoparticles were studied to a much lesser extent than polymeric particles, and 
AU was largely utilized to determine molecular weights (Vogel, Langer et al., 2002; 
Vogel, Lochmann et al., 2005). 
The characterization of metallic nanoparticles in the ultracentrifuge began again 
in the 1990s, with the use of AU in evaluating inorganic nanoscale particles rapidly 
expanding in recent years. AU has been applied to nanoparticles of Ti02 (Colfen, Tirosh 
et al., 2003; Niederberger, Garnweiter et al., 2004), Fe304 (Nichols, Kraemer et al., 1932; 
Pinna, Grancharov et al., 2005), CdS (Robinson, Towey et al., 1991; Borger, Colfen et 
al., 2000; Dollefeld, Hoppe et al., 2002), ZrS04 (Colfen, 2002), FePt (Svedberg, Ahner et 
al., 2005), various other inorganic nanoparticles (Rapoport, Vogel et al., 1997; Sidorov, 
Bronstein et al., 1999; Gittins and Caruso, 2001; Mayya and Caruso, 2003; Colfen, 2004; 
Deshpande, Pinna et al., 2004; Koetz, Bahnemann et al, 2004; Wang, Colfen et al., 2005) 
as well as carbon nanotubes (Arnold, Suntivich et al., 2008). 
Even more important, AU has been used to characterize hybrid nano-bio and 
nano-polymer systems. For example, AU was utilized to examine the formation of 
bionanoconjugates and to determine the point at which gold nanoparticles were saturated 
with proteins (Calabretta, Jamison et al., 2005). Other hybrid systems characterized with 
AU include surface encapsulated nanotubes (Arnold, Suntivich et al., 2008), silica 
nanparticles coated with proteins (Lundqvist, Sethson et al., 2004), gold nanoparticles 
with protective monolayers (Jimenez, Leopold et al., 2003; Mayya and Caruso, 2003; 
Mayya, Schoeler et al., 2003), silver nanoparticles encapsulated within dendrimers 
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(Wang, Itoh et al., 2003), and quantum dots coated with lipid vesicles (Luccardini, Tribet 
et al., 2006). In nearly all of the examples noted here, however, investigators have used 
AU data only comparatively, usually with the aim of evaluating particle growth or 
aggregation with respect to various solution or reaction conditions. Quantitative 
information about the sedimentation properties of nanocrystals is only rarely derived 
from analytical ultracentrifugation datasets. Further, when quantitative information is 
derived, many studies employed bulk densities of the materials to convert sedimentation 
coefficients into hydrodynamic radii. This practice turns out to provide a substantial 
overestimate of true nanoparticle density, drastically skewing calculation of 
hydrodynamic size. 
1.5. Summary and outline of present work 
The field of nanotechnology and its applications continue to expand into all areas 
of science and increasingly into consumer products. Since nanotechnology as a whole 
relies on determining size to predict enhanced, size-dependent properties, a key issue 
relevant to current and potential technologies is the availability of efficient and reliable 
characterization methods that yield results that are truly representative of nanoparticle 
dimensions. Current characterization tools, such as microscopy, cannot provide 
hydrodynamic size, whereas other tools that can provide this information do not provide 
high resolution or ease of measurement. Analytical ultracentrifugation has been shown to 
be a robust characterization method that overcomes nearly all of the drawbacks of the 
methods that are widely implemented today. However, its quantitative application to 
nanomaterials has been largely ignored. 
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In this thesis, analytical ultracentrifugation is applied quantitatively to specific 
problems pertaining to nanoscale materials. First, Chapter 3 applies AU to cadmium 
selenide, iron oxide, and polystyrene-coated gold nandcrystals of multiple diameters, 
demonstrating the applicability of this tool to a wide variety of material types and sizes. 
The results also demonstrate resolution of materials that differ by an angstrom. Further, 
AU can be used to estimate the density of coated nanocrystals, a key parameter in 
converting sedimentation coefficients into hydrodynamic radii, by proposing a core-shell 
model that effectively weights and accounts for the contributions of both the inorganic 
nanocrystalline core and the organic surface coating. Also discussed are methods for 
determining optimal rotor speed and the applicability of AU for characterizing bimodal 
samples. Chapter 4 establishes best practices for applying AU to nanocrystal samples. In 
particular, issues of data analysis and experimental design are thoroughly addressed to 
elucidate the parameters that erroneously affect the sedimentation coefficient. Finally, 
the experimentally-determined error in the measurements from an ultracentrifuge is 
presented. 
In Chapter 5, the focus of this thesis switches from applying AU to coated 
nanomaterials in the organic phase to the importance, applications, and issues of 
nanomaterials coated with biological moieties, or bionanoconjugates. Design issues that 
are imperative for retaining nanoscale properties and protein function are discussed, as 
well as the problems encountered with characterizing these bi-functional materials. 
Chapter 6 discusses the utility of bioconjugates for creating higher order structures and 
demonstrates that the assembly of discrete gold nanoparticle bionanoconjugates into 
complex aggregates is a controlled process that depends on the surface charge of the 
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protein, which is dependent on the solution pH in relation to the protein's isoelectric 
point (pi). 
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Chapter 2. Materials and Methods 
2.1. Introduction 
One of the main advantages of analytical ultracentrifugation is that the underlying 
theories for this method are straightforward and strictly adhere to first principles. 
However, many aspects of this approach and the instrument may not be obvious to non-
experts. Thus, this chapter's first purpose is to provide a brief tutorial on the inner 
workings of analytical ultracentrifugation, ranging from theoretical principles to practical 
experimental aspects to navigating the many options available for analyzing the data. 
The second purpose of this chapter is to provide all of the experimental details used to 
synthesize and characterize the materials used in all subsequent chapters. 
2.2. Tutorial 
2.2.1. Analytical ultracentrifugation 
The analytical ultracentrifuge was invented by T. Svedberg in 1920 (Svedberg 
and Nichols, 1923). His initial purpose in designing such an apparatus was to obtain the 
size and corresponding size distributions of gold colloids in solution that were outside of 
the range of detection of the best microscopes at the time. By combining conventional 
tools - a typical centrifuge apparatus with an optical detection system - he was able to 
create an extremely effective approach for sizing that still surpasses many current 
methods in both robustness and accuracy. The initial works published by Svedberg and 
his colleagues, Herman Rinde and J.B. Nichols, mainly centered on instrumental design 
and methodologies and introduced the fundamental theory and equations associated with 
this tool (Svedberg and Nichols, 1923; Svedberg and Rinde, 1923; Svedberg and Rinde, 
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1924). Hydrodynamic characterization with high resolution is a key feature of analytical 
ultracentrifugation. This feature is achieved through measuring the rates of 
sedimentation of solute molecules through the solvent via a parameter termed the 
sedimentation coefficient. However, before the sedimentation coefficient is discussed in 
great detail, the process of sedimentation will be addressed first. 
When a particle is suspended in solution, three forces govern its behavior in 
solution, whether the solution is under the influence of gravity or a centrifugal force. 
First, there is the force due to sedimentation (Fs), which causes the particle to sediment 
out of solution and is defined as: 
Fs=mco2r [2.1] 
where m is the mass of the particle, ro is the angular velocity, and r is distance from the 
center of rotation. The product oo r is the angular acceleration, but under gravity this 
product would be replaced by g, the gravitational acceleration constant, 9.8 ms' . Thus 
this equation has the familiar classical physics form of force being equal to mass times 
acceleration. Next, the buoyant force, which accounts for the density difference between 
the particle and the suspending solvent, acts opposite to the sedimentation force: 
Fb = -m| r solvent co2r [2.2] 
V particle 
where the variables m, co, and r represent the same values as in Equation 2.1 and p is 
density. The third force acting upon a particle suspended in solution is the frictional 
force (Ff), which acts in an opposite direction to Fs and is strongly related to particle size 
and shape: 
Ff = - / v [2.3] 
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where/is the frictional coefficient and v is the linear velocity. For a particle that is 
perfectly spherical,/is given by: 
/ = 67cnRH [2-4] 
where n is the solvent viscosity and RH is hydrodynamic radius. 
These three forces acting upon a particle suspended in solution balance within a 
very short time span (10" seconds): 
Fs+Fb+Ff=0 [2.5] 
Substitution of the definitions of each force yields: 
mco2r-m| ' p ^ solvent co'8r-yv = 0 [2.6] 
\r particle J 
Simplification and rearrangement provides the mathematical definition of the 




 s [2.7] 
Since velocity and angular acceleration are in units of distance per time and distance 
(radians) per time squared, the units of the sedimentation coefficient are seconds. From 
this equation, it is clearly seen how particles of different masses, sizes, or densities will 
sediment at different rates, thus providing a bit of insight into the utility of centrifugation 
studies. 
An analytical ultracentrifuge is an instrument that provides an experimentally 
determined measure of the sedimentation coefficient. Figure 2.1 shows the main 
components of the ultracentrifuge. The ultracentrifuge is mainly comprised of a rotor 
containing three cells, a monochromator, and a detection system. Because only 
Rotor 
Figure 2.1. The components of an analytical ultracentrifuge. The 
monochromator is positioned over the rotor, which contains three sample cells, and 
is part of the detection system that measures the absorbance with time. The cells 
contain two chambers, one for the solvent and one for the sample, which are loaded 
and unloaded through small holes using a syringe. 
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hydrodynamic information is extracted with sedimentation velocity experiments, the 
figure reflects the set-up for this type of ultracentrifugation. The rotor is comprised of 
titanium, which withstands the large forces achieved at high rotational speeds. The 
spectrophotometer is basically a laser or light source used to measure of the absorbance 
over time coupled with a monochromator and detection system. The cells hold the 
samples and buffer and are designed to both withstand the centrifugal forces and allow 
light to pass through. Further, sedimentation velocity cells contain two chambers - one 
for the solvent alone and one for the solution (solute plus solvent) in order to measure the 
sample's true absorbance. The detection system converts the absorbance signal into 
digital form and also generates data that is spatially calibrated. 
Figure 2.2 describes the process by which data are collected. During Svedberg's 
time, users had to measure the absorbance on photographic films and manually calculate 
the sedimentation coefficient. Instruments and data analysis packages today have 
digitized this process completely. The instrument obtains data by measuring the 
absorbance of the sample over the length of the cells with a detector at user-defined times 
and wavelength for the entire experiment. Initially, the particles within the sample 
chamber are evenly dispersed. At the end of the experiment, the particles within the 
sample chamber are concentrated at the "bottom." This process yields data curves that 
are s-shaped initially and start out very steep toward the "top" of the sample cell (less 
diffusion) and gradually become broad with a less defined s-shape at the "bottom" of the 
cell (more diffusion). Svedberg mathematically related the movement of the steepest 
portions of the curves, the boundary regions, to the sedimentation coefficient, thus 
providing a way to experimentally determine this value by: 
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• Radius 
Direction of Sedimentation 
Figure 2.2 Illustration of AU data collection. As the sample is spun in the 
ultracentrifuge, the absorbance is scanned from the "top" of the sample cell to the 
"bottom," yielding an s-shaped curve. The curve corresponds to a user-defined time; 
therefore, scans at the beginning of the experiment are located near the "top" (have not 
sedimented) and have a steep slope (less diffusion), whereas later scans are located 
toward the "bottom" (sedimentation has occurred) with a less steep slope (more 
diffusion). 
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s = \n\^L2(tb-tmf [2-8] 
where s is the sedimentation coefficient, rj is the value of the radius at the boundary, xm 
is the value of the radius at the meniscus, GO is the angular velocity, tb and tm are the times, 
in seconds, at radial positions rb and rm, respectively. Once the sedimentation coefficient 
is determined from actual experimental data, knowledge of solvent properties (e.g., 
viscosity and density) and solute properties (e.g., density and molecular weight) permit 
calculation of the hydrodynamic radius. 
2.2.2. Sample preparation for the analytical ultracentrifuge 
Samples for the ultracentrifuge should have an absorbance that is within specific 
limits, such that Beer's law is obeyed and that there is sufficient boundary region to 
adequately calculate the sedimentation coefficient. Therefore, the recommendation is 
that the sample absorbance be between 0.6 and 0.9 absorbance units. Also, the 
pathlength of the ultracentrifuge cell is different from that for the spectrophotometer 
cells, so it is prudent to prepare samples with absorbances at the lower end of the 
acceptable range to account for such differences. 
2.2.3. Determination of experimental parameters 
In order to successfully operate the analytical ultracentrifuge and obtain 
meaningful data, the correct experimental parameters must be provided by the user. 
These experimental parameters are rotor speed, time interval between scans, wavelength, 
and number of scans. These variables can be identified by trial and error, but a more 
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straightforward and efficient approach is to model the sample using any of the available 
data analysis software packages. The software allows users to provide information about 
the sample, including molecular weight of solute, density of solute and solvent, shape of 
solute particles, and viscosity of the solvent. This information is then used to model the 
sedimentation profiles for the samples based on the desired rotor speed and experiment 
length. The user can then elucidate the combination of experimental parameter values 
that provides the best theoretical data, which is a starting point for actual experimental 
conditions. Because the models are not perfect and due to the difficulty associated with 
accurately modeling sample components, especially with respect to nahomaterials, 
intuition will play a large role in ultimately determining the experimental parameters that 
provide the best sedimentation profiles for a sample. 
2.2.4. Data analysis methods 
2.2.4.1. van Holde-Weischet analysis 
The van Holde-Weischet analysis is a model-independent method that 
deconvolutes diffusion from the sedimentation process by extrapolation to infinite time, 
as illustrated in Figure 2.3 (van Holde and Weischet, 1978; Demeler, 1997; Colfen, 
2004). Briefly, each scan is divided into equal parts or fractions, and the radial value at 
each division is used in Equation 2.8 to obtain the apparent sedimentation coefficients. 
Since each scan corresponds to a time, a plot of the apparent sedimentation coefficients 
versus time"0 5 can then be constructed. Lines of best fit are drawn through points from 
each division, and extrapolated to the y-intercept, which corresponds to infinity. 
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Figure 2.3. Illustration of the van Holde-Weischet analysis. (A) Each 
sedimentation profile is divided along the y-axis into equal fractions or divisions. 
(B) The values of the radii at each position are evaluated using Equation 2.8, plotted 
versus time"0 5 and lines of extrapolation drawn to the y-axis. (C) The values of the 
extrapolated lines at the y-axis represent the range of sedimentation coefficients and 
are graphed based on the position of the division they were derived from to form the 
integral plot. (D) The values of the sedimentation coefficients can also be binned to 
form the familiar histogram plot. 
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whereas a broadly distributed sample has lines that intersect at multiple points. The 
fractions associated with each line and the sedimentation coefficient (sa) at the point of 
intersection are combined into integral plots by graphing the integrated frequency versus 
the sa. This integral distribution plot forms a perfectly vertical line for a uniform sample. 
Alternatively, the data can also be converted into a histogram or distribution plot by 
binning the sedimentation coefficients and calculating their frequency (van Holde and 
Weischet, 1978; Demeler, 1997). 
2.2.4.2. Time-derivative methods 
Time-derivative analysis is a model-independent approach that relies solely on the 
sedimentation profiles within a dataset. The time-derivative approach yields the average 
sedimentation coefficient and distribution of a sample by determining the derivative of 
each sedimentation profile with respect to time, which is mathematically shown as: 
d{c(r,t)/c0} 
g*(s)t = . , 
V 5t 
V r.^2 \ 
a'V f _ ~\ 
A W 
[2.9] 
where Co and c are the concentrations at the start of the experiment and time t, t is time, 
rm and r are the radial positions at the meniscus and at time t, and © is the angular 
velocity. A drawback to this approach, however, is the fact that it ignores the 
contribution of diffusion to the overall sedimentation process (Colfen, 2004). 
2.2.4.3. Least-squared g*(s) analysis 
The ls-g*(s)analysis, or least-squares boundary modeling, is a model-dependent 
approach that does not correct for the effect of diffusion on sedimentation. This approach 
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mathematically compares the sedimentation profiles of the actual solutes with the 
sedimentation profiles of equivalent solutes that are free from the influence of diffusion 
via: 
c(r,t)= lg*{sp{s,r,t)dS [2.10] 
with c(r,t) representing the actual sedimentation of solutes and U(s,r,t) representing 
diffusion-free sedimentation of the solutes and is defined as: 




where s is the sedimentation coefficient, co is the angular velocity, t is time, r is radial 
position at time t, and rm is the radial position at the meniscus. The solution to this 
integral equation is solved by a combination of discretization and application of a least 
squares approximation, which allows simplification of Equation 2.9 into: 
-12 
g*i r t 
~max 
c(r9t)-^g*U(sl9r9t)As [2.12] 
which permits simple conversion of the data into the more familiar distribution of 
sedimentation coefficients. Detailed discussions of this analysis have been undertaken by 
Schuck and Rossamanith (2000) (Schuck and Rossmanith, 2000). For application of ls-
g*(s) to our data, we used smin, Smax, and resolution values of 1, 100, and 100, 
respectively. The Tikhonov-Phillips regularization (default setting) was also employed. 
40 
dc 1 d 
— = 
dt r dr 
r^dc 22 
rD sco re dr 
2.2.4.4. c(s) analysis 
The c(s) analysis, or continuous distribution of sedimentation coefficients, is one 
of several solutions to the Lamm equation. 
[2.13] 
where r is radial position, c is concentration, t is time, co is the angular velocity, D is the 
diffusion coefficient, and s is the sedimentation coefficient. In this analysis, the 
sedimentation coefficient is first determined from solving the Lamm equation. Then, 
using an estimated frictional coefficient, solvent and solute densities, and solvent 
viscosity, the molecular weight of the solute is determined and subsequently used to 
calculate the diffusion coefficient according to Equation 2.14: 







xp particle [2.14] 
J 
where D is the diffusion coefficient, k is Boltzmann's constant, Tis temperature, s is the 
sedimentation coefficient, and p is density, r\ is viscosity. f0 is the frictional coefficient 
for a perfect sphere and is equal to 67trjr (rj and r are solvent viscosity and hydrodynamic 
radius, respectively). In this equation,^, is equal to 1. For a solute that is not a sphere, 
f/fo is a number greater than 1. More extensive discussion of this analysis procedure is 
available elsewhere (Schuck, 2000). 
41 
2.2.4.5. Manual determination 
The manual determination can be undertaken as follows. The corresponding positions at 
50% of the boundary for the first ten scans are evaluated as originally defined by 
Svedberg in Equation 2.8 (Svedberg and Nichols, 1923). The average of the ten s-values 
is assumed to be the actual s-value of the data set. Sedimentation coefficients are 
reported to three significant figures because both the radial positions and densities of 
most solvents, which are used to analyze raw AU data in some cases, are known 
accurately to three significant figures. 
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2.3. Experimental Section 
2.3.1. Materials Synthesis 
2.3.1.1. Chemicals 
All chemicals were used as received from vendors, unless otherwise noted. The 
following chemicals were purchased from Aldrich: 1-octadecene (tech grade; 90%), 
cadmium oxide (CdO; 99.99%), oleic acid (tech grade), selenium powder (Se, 99.5%), 
trioctylphosphine (TOP; tech grade 90%), dodecane thiol (98%), ferroxyhydrate (y-
FeOOH, 30-50 mesh), gold tetrachloraurate trihydrate (HAuCl4-3H20; >99%), 
oleylamine (C18H35NH2; tech grade 70%), sodium borohydride (NaBHU; 99%), and 
trisodium citrate dihydrate (99%). Acetone (C3H60; 99.6%) and toluene (C7H8; 99.8%) 
were purchased from Fisher Chemicals. Tetraoctylammonium bromide (N(CgHi7)4Br; 
>99% ethanol (190 proof), and polystyrene were purchased from Fluka, Aaper Alcohol, 
and Polymer Source Incorporated, respectively. All chemicals used for buffers, protein 
modifications, and lyophilized powders of lysozyme (chicken egg white) and <x-
lactalbumin (bovine, type III, calcium depleted) were purchased from Sigma-Aldrich 
unless specified otherwise. 
2.3.1.2. Cadmium selenide nanocrystal synthesis 
CdSe nanocrystals were synthesized in 1-octadecene (ODE) following an existing 
preparation (Yu and Peng, 2002). All reactions utilized standard air free techniques. A 
mixture of 0.51 g CdO, 3.76 g oleic acid, and 160 ml ODE were heated to 300 °C in a 
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500 ml 3-neck flask. A selenium solution containing 0.16 g Se powder dissolved in 0.8 g 
trioctylphosphine (TOP) and 5 ml ODE was prepared and loaded into a syringe. 
When the solution of CdO became optically clear, the selenium solution was 
quickly injected. The reaction was halted by the rapid addition of 70 ml of room 
temperature ODE at varying reaction times. Aliquots (~2 ml) of the reaction product 
were purified by adding an equal volume of acetone to precipitate waxy cadmium oleate, 
a reaction precursor. The samples were centrifuged for 10 min at 3200 rpm, and the 
colored decantate was collected. Excess acetone was added to the decantate to precipitate 
the particles, and the solution was then centrifuged at 10 min and 3200 rpm to fully 
precipitate all nanocrystals. The precipitate was redissolved in the desired amount of 
toluene and treated with -30 ul 1-dodecane thiol to provide a surface completely 
terminated by dodecane thiol (Krueger, Al-Somali et al., 2005). The particles were sized 
by TEM (Figure 2.4). 
2.3.1.3. Iron oxide nanocrystal synthesis 
Ferroxyhydrate was purchased and ground in a mortar to make a fine powder. In 
an airless solvothermal heating system, powdered iron oxide was dissolved by oleic acid 
and diluted with 1-octadecene and refluxed for 60 min. The black slurry was further 
purified by an acetone-hexane biphasic solvent system in a manner similar to that 
described above. Fe304 nanocrystals were isolated in stable hexane dispersions. Under 
these conditions, oleic acid is coordinated to the surface for stabilization. Further 
information about this synthetic method can be found elsewhere (Yu, Falkner et al., 
2004). These particles were sized by TEM (Figure 2.5). 
Figure 2.4. TEM images and sizing histograms of CdSe nanocrystals. 
CdSe 49: Average diameter = 2.8 ± 0.41 nm, number of sized particles ~ 
1000; CdSe 48: Average Diameter = 2.9 ± 0.48 nm, number of sized 
particles was greater than 3500; CdSe 51: Average Diameter = 3.0 ± 0.42 
nm, number of size particles ~ 900; CdSe 52: Average Diameter = 3.1 ± 
0.47 nm, number of sized particles was greater than 4000. 
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Figure 2.5. Representative TEM images and sizing histograms of iron oxide 
nanocrystals. Average diameter = 4.0 ± 0.63 nm, number of sized particles = 3277; 
Average diameter = 11 ± 0.55 nm, number of sized particles = 201; Average 
diameter = 16 ± 1.6 nm, number of sized particles = 500; The bimodal sample was 
comprised of 4 nm and 12 nm in diameter nanocrystals, number of sized particles is 
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2.3.1.4. Polystyrene-coated gold nanocrystal synthesis 
Oleylamine stabilized Au nanoparticles were synthesized following an existing 
preparation (Leff, Brandt et al., 1996). HAuCl4-3H20 (0.112 g) was dissolved in 25 mL 
deionized water in a 250 mL Erlenmeyer flask. Tetraoctylammonium bromide (0.365 g) 
dissolved in 25 mL toluene was added to the Au salt resulting in a two phase mixture. 
The mixture was stirred to transfer all color to the upper toluene layer. To the stirring 
mixture, 0.829 g oleylamine in 25 mL toluene was added, resulting in white cloudiness. 
Finally, 0.165 g NaBtL; in 25 mL deionized water was added resulting in a clear 
brownish organic phase. The solution was allowed to stir for an additional 12 hours. 
After 12 hours, the organic phase was separated and then reduced to 5 ml using a Biichi 
R-200 rotovap. The nanoparticles were precipitated with 250 ml of ethanol and left in the 
freezer for 24 hours at -10°C. Once fully precipitated, the nanocrystals were collected by 
vacuum filtration and rinsed with more ethanol. These nanocrystals were redissolved in 
100 mL toluene and stored in a dark glass bottle in the refrigerator. 
Gold nanocrystals were coated with thiol-terminated linear polystyrene by a 
grafting-to approach utilizing the strong affinity of thiols for gold. Four different samples 
were synthesized with varying molecular weight polystyrene (1,230, 2,700, 5,800, and 
7,700). For each sample, 2.28 xlO"3 g of the desired polymer was added to 100 (j.1 of the 
as-prepared gold nanocrystals. The size determined for these particles is shown in Figure 
2.6. 
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Figure 2.6. Representative TEM image and sizing histogram of polystyrene-gold 
nanocrystals. Average Diameter = 2.2 ± 0.65 nm, number of sized particles was 
greater than 1100. 
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2.3.1.5. Citrate-stabilized gold nanocrystal synthesis 
Gold nanoparticles were prepared according to the methods described previously 
(Frens, 1973; Calabretta, Jamison et al, 2005). Typically, 38.8 mM trisodium citrate 
dihydrate was added to 50 mL of boiling 1 mM gold tetrachloroaurate trihydrate. The 
color of the mixture changed from yellow to colorless, then to faint blue followed by 
deep red, indicating the formation of gold nanoparticles. The suspension was allowed to 
heat for 10 minutes with stirring. AuNP from this preparation are typically 13 nm in 
diameter as measured by TEM (Figure 2.7). Prepared AuNP were stored at 4 °C for 
several months until visible aggregates formed, at which time they were discarded. 
Nanoparticle concentrations were derived by dividing the initial concentration of atomic 
gold (1 mM) by the number of gold particles formed. 
[AuNp-\ = -nr3^^- [2.14] 
3
 aWgM 
where r is the average radius of the particles from TEM data, pgou is the density of bulk 
gold (17 g/cm3), A is avogadro's number, and awgoid is the atomic weight of gold (197.97 
g/mol). This calculation assumes that all starting material is incorporated into spherical 
particles with the density of bulk gold. 
2.3.1.6. Expression of wild-type and mutated myoglobin in E. coli 
Myoglobin was expressed in Escherichia coli BL21 using pUC19 expression 
vectors. Cells were grown in 14 L batches in LB with 100 ug/mL of ampicillin for 16-18 
hours at 37 °C, and exposed to carbon monoxide for 20 minutes. Protein purification was 
carried out according to the protocol of Springer and Sligar (Springer and Sligar, 1987). 
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Figure 2.7. Representative TEM image and sizing histogram of citrate-
stabilized gold nanoparticles. Average diameter = 13 ± 1.3 nm, number of 
particles sized was greater than 500. 
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Following the collection of the cell pellets in a centrifuge, cells were resuspended in lysis 
mix and allowed to stir at 4 °C overnight. The cell lysis mix was centrifuged, and 50% 
ammonium sulfate was added to the preserved supernatant, followed by another round of 
centrifugation in which the pellet was preserved and mixed with 95% ammonium sulfate 
and centrifuged. The resulting pellets were resuspended and dialyzed overnight in 20 
mM Tris, 1 mM EDTA (pH 8), concentrated, and run through a DEAE column, followed 
by a CM52 affinity column. The protein was eluted from the CM52 column using a 
sodium phosphate gradient, ranging from 20 mM (pH 6.0) to 50 mM (pH 9.0), and 
concentrated. The final concentration of protein was determined with ultraviolet-visible 
spectroscopy using an extinction coefficient of 187 mM^cm"1 at 423 nm. 
2.3.1.7. Succinylation of lysozyme and myoglobin. 
Succinylation of lysozyme, wild-type myoglobin, and K63C myoglobin was 
achieved by adding at least a 20-fold molar excess of succinic anhydride (99%) to a 
solution of 340 uM lysozyme or to a solution of 4 uM for myoglobin, both in 10 mM 
sodium phosphate buffer (pH 8.3). The succinic anhydride was added gradually to the 
protein solutions over the course of an hour with constant stirring. The pH was 
maintained above 8 with NaOH throughout the reaction to ensure complete succinylation. 
After the final addition, the reaction proceeded for 15 minutes before dialysis against 10 
mM sodium phosphate (pH 8.3) for lysozyme and 10 mM sodium phosphate (pH 5) for 
myoglobin, to remove any non-reacted reagent. 
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2.3.1.8. Acetylation of Lysozyme 
Acetylation was performed based on a previously determined protocol (Means 
and Feeney, 1971). A stock solution of lysozyme was made at a concentration of 340 uM 
in 10 mM sodium phosphate (pH 8.3). A 20-molar excess of acetic anhydride (99.5%) 
was added to the protein solution with stirring on ice, and the reaction was allowed to 
proceed for one hour. The pH was maintained above 7 for the entire reaction by the 
addition of NaOH. The modified protein was dialyzed into 10 mM sodium phosphate 
(pH8.3). 
2.3.1.9. Aminoalkylation of a-Lactalbumin 
Aminoalkylation was achieved in a manner similar to established methods 
(Hermanson, 1996). A stock solution of 5 mg/mL lactalbumin was made in 0.1 M 
sodium phosphate (pH 7). Ethylenediamine dihydrochloride (Thermo Scientific) was 
dissolved in the same buffer to a concentration of 1 M with stirring in an ice bath within a 
fume hood. An equal volume of the lactalbumin solution was added to the diamine 
solution with constant stirring. l-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 
hydrochloride (EDC) (Pierce, 98%) was added to a final concentration of 2 mg/mL. The 
reaction was then allowed to proceed for two hours at room temperature, followed by 
dialysis in phosphate buffered saline (pH 7.4). 
2.3.2.0. Bionanoconjugate synthesis 
Lysozyme (6.8 uM), a-lactalbumin (6.8 uM), or myoglobin (4 uM) were 
suspended in 10 mM citrate (pH 3.4), 10 mM sodium phosphate (pH 5, 7.7, or 8.3), or 10 
54 
mM KCl/NaOH (pH 12). A gold nanoparticle suspension was added to the proteins 
diluted to the concentrations specified in the experiments shown so that the final 
concentration of gold nanoparticles resulted in decrease of the plasmon absorbance to 
below 1 absorbance unit. Samples were allowed to conjugate at room temperature for the 
indicated times. UV-Visible spectra of conjugates were recorded using a Varian Cary 50 
spectrophotometer. 
2.4 Instrumental methods and assays 
2.4.1. Analytical ultracentrifugation 
Samples were run on a Beckman Optima XL-A Ultracentrifuge with an AnTi-60 
Rotor equipped with absorbance optics. Sedimentation velocity experiments were run 
using double-sector aluminum or epon centerpieces for samples in organic or aqueous 
solvents, respectively. Temperature was kept at 25 ± 1°C . At least 100 scans were taken 
for all experiments. Cadmium selenide and polystyrene-coated gold samples were run in 
toluene, iron oxide samples were run in hexanes, and bioconjugates were run in aqueous 
buffer. Reported sedimentation coefficients are based on multiple run determinations for 
all samples except polystyrene-coated gold and 6 nanometer Fe3C«4. Data analysis was 
performed using Ultrascan 7.1 (Demeler, 2005), with the enhanced van Holde-Weischet 
analysis, employing at least 80% of the boundary and a smoothing factor of less than 10 
for all datasets. We also used Ultrascan to perform the c(s) and time derivative analyses, 
and SEDFIT for the application the ls-g(s*) analysis as a test case for our samples. We 
found the results to be within the range of experimental error, with the only difference 
being the width and shape of the s-value distribution. We demonstrate this observation 
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for a sample of cadmium selenide nanocrystals in Chapter 4. Additionally, we used 
SEDFIT to take into account solvent compressibility and found that the s-value varies 
within 10% of the actual values, in agreement with other observations (Schuck, 2004). 
For the quantitative analysis presented in this work, the viscosity and density of 
the solvents are essential input parameters. The AU sample chamber is temperature 
controlled to within one degree. For the viscosity of hexanes, the solvent for the iron 
oxide nanocrystals, we used a viscosity of 0.300 mPa and a density of 0.6603 g/cm for 
the models shown in Chapter 3 (Figure 3.3). Toluene is the solvent for the cadmium 
selenide systems, and at 25 °C its viscosity is 0.560 mPa and density is 0.8669 g/cm 
The bulk densities for iron oxide, cadmium selenide, and gold were taken to be 5.17 
g/cm , 5.81 g/cm , and 19.3 g/cm respectively (Lide, 2007). In order to correct for the 
size-dependent contribution to the density from the surface coating, we estimated the 
thicknesses of the oleic acid (iron oxide) and dodecanethiol (cadmium selenide) to be 2.0 
nm and 1.2 nm, respectively (Krueger, Al-Somali et al., 2005; Zhang, Sun et al., 2005). 
The density of the surface coatings was assumed to be close to that of polystyrene, 1.12 
g/cm3(Lide, 2007). 
2.4.2. Transmission electron microscopy 
A lOOkV JEOL TEM, model JEM-2010, was used to gather all images. 
Nanocrystals were drop cast from their respective solvents onto carbon/formvar coated 
300 mesh copper grids (Ted Pella #01821). A total of 1,000+ nanocrystals were sized by 
hand for CdSe samples using the ImagePro software suite, and the error introduced by 
population sampling from this analysis is less than 3% on the average (Vigneau, Loisel et 
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al., 2000). A larger issue is the difficulty in defining the edge of the particles; the 
objective focus at the time of image collection, as well as the contrast of the digital 
image, can lead to errors. We estimate these errors to be at most 3 angstroms. Our 
reported error bars on particle size take into account both of these sources of error in the 
measurement of the core diameter. 
For bionanoconjugate samples, sample grids were prepared by drying 20 uL of 
bioconjugates suspensions on 400 mesh carbon/formvar coated copper mesh (Ted Pella). 
Images were obtained by using JEM-2010 and JEOL 1230 High Contrast Transmission 
Electron Microscopes operated at 200 and 120 kV, respectively. Size distribution data 
were obtained by counting a minimum of 750 nanoparticles using Image-Pro Plus 5.0 
(Media Cybernetics, Inc., Silver Springs, MD). 
2.4.3. Dynamic light scattering 
Samples for DLS were prepared in 500 uL volumes. Then, 1 mL of 
corresponding buffer was then added to each sample prior to running. Hydrodynamic 
diameter analysis was carried out with Brookhaven ZetaPALS dynamic light scattering 
(DLS) equipment with BI-9000AT digital autocorrelator at 656 nm wavelength. All 
studies were carried out at a 90° scattering angle and temperature controlled at 25 °C 
(McNeil-Watson, Tscharnuter et al., 1998). 
2.4.4. Electrolyte-induced flocculation 
Electrolyte-induced flocculation assays were performed as an initial measure of 
bionanoconjugate stability and qualitative point of saturation. Briefly, the conjugates 
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were made as described above, except assay volumes were kept at 50 uL. After a 10 
minute conjugation time, sufficient NaCl was added to the bionanoconjugate mixture to 
create a final concentration of 1%. NaCl-bioconjugate mixtures were allowed to sit for 
specified times, and UV-Vis spectra were recorded on a Varian Cary 50 
spectrophotometer. Assay and spectral measurements were performed in triplicate. 
2.4.5. Bio-rad assay for protein concentration determination 
Protein concentrations were determined by a standard Bio-rad assay. A 
calibration curve was created as follows. First, protein standards were made from an 
initial stock of protein at a known concentration of 1 mg/mL. Dilutions were made 
incrementally, ranging in concentration from 0.125 to 1 mg/mL. To perform the assay, 
Bio-rad® protein assay (Bio-rad Labs, Inc., catalog # 500-0006) was diluted 1:4 in the 
appropriate buffer in individual cuvettes. Each dilution (10 uL) was added to individual 
cuvettes, inverted six times, and allowed to react for five minutes. Absorbance readings 
were measured at 595 nm. The assay was done in triplicate for each dilution. From the 
calibration curves, which were made for lysozyme, lactalbumin, and myoglobin, 
concentrations of modified proteins were determined. 
2.4.6. 2-(Chloromercuri)-4-nitrophenoI titration 
The titration of 2-(chloromercuri)-4-nitrophenol, or MNP, into protein solutions 
provides a way to determine the number of cysteine residues in a protein. For this thesis, 
the MNP titration was used to verify the site-specific mutagenesis of myoglobin K63C. 
MNP titration was carried out similar to established methods (Manly and Matthews, 
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1979; Daly, Olson et al., 1986). A4[iM solution of myoglobin K63C (500 uL) was 
dialyzed against 1 M Tris-HCl (pH 7.0). The dialyzed protein solution was added to 0.1 
mL of 1 M Tris-HCl, 50 raM EDTA, and 8 M urea, and the final solution volume was 
adjusted to 1 mL using 1 M Tris-HCl (pH 7.0). A 1 mM solution of MNP was made in 
20 mM NaOH. Aliquots of 2 uL were titrated into the dialyzed protein solution, and the 
absorbance was measured at 410 nm. The endpoint of titration occurred at a myoglobin 
K63C:MNP concentration ratio of approximately 1, indicating that there is the expected 1 
cysteine per myoglobin. 
2.4.7. Circular dichroism 
Circular dichroism was used to evaluate the secondary structure of the modified 
proteins in comparison to unmodified proteins to insure that the surface modifications did 
not significantly alter the proteins (Figure 2.8). All proteins were run at a concentration 
of 4 uM in 10 mM sodium phosphate buffer (pH 8) for all lysozyme samples and (pH 5) 
for all myoglobin samples. Spectra were obtained on an AVIV 62DS. The wavelength 
range was from 200 to 250 nm. The step size and averaging time were 1 nm and 2 
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Figure 2.8. Circular dichroism spectra of proteins. (A) CD spectra of unmodified 
lysozyme (red) in comparison to succinylated and acetylated lysozyme (green and 
black, respectively). The different intensities at the minima for unmodified 
lysozyme and succinylated lysozyme suggest that succinylation causes some loss of 
secondary structure. However, acetylation causes greater loss of secondary structure. 
(B) CD spectra of unmodified wild-type myoglobin (black) in comparison to 
myoglobin 63C (green), succinylated wild-type myoglobin (red), and succinylated 
myoglobin 63C (blue). Wild-type myoglobin and succinylated wild-type myoglobin 
show no significant loss of secondary structure, whereas unmodified myoglobin 63 C 
shows a moderate degree of secondary structure loss. Succinylated myoglobin 63C 
shows a significant loss of secondary structure. 
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Chapter 3. Size-dependent sedimentation of nanocrystals 
3.1. Introduction 
How particles move under the influence of external forces in liquids is a 
fundamental question that probes the nature of liquids on the nanoscale as well as the 
interface between nanoparticles and their surrounding fluid (Hiemenz and Rajagopalan, 
1997). This question also has taken on a practical importance for nanoscience where 
nanoparticle movement in response to sedimenting forces is becoming increasingly 
important for processing. Centrifugation, for example, has been applied for over a 
decade to improving the size distribution of materials as diverse as quantum dots and 
single-walled carbon nanotubes (Wang, Itoh et al., 2003; Jia, Lian et al., 2005; Maeda, 
Kimura et al., 2005; Fei, Lu et al., 2006; Lu, Keskar et al., 2006; Luccardini, Tribet et al., 
2006; Maeda, Kanda et al., 2006; Yu, Bekyarova et al., 2006). More recently, 
purification of various types of nanoparticle complexes in solution has relied on their 
different sedimentation properties (Chen, Du et al., 2003). The tool for these critical 
separations is typically a conventional centrifuge that sediments nanoparticles of interest 
resulting in more pure populations of samples with narrower size distributions. 
The qualitative applications of centrifugation suggest that a more quantitative 
picture of the sedimentation process could be of great value, which can be accomplished 
with analytical ultracentrifugation (AU). In spite of its increasing use in nanocrystal 
characterization, quantitative information about the sedimentation properties of 
nanocrystals are only rarely derived from analytical ultracentrifugation datasets. In 
principle, using the right analysis procedures, the sedimentation curves versus time can 
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yield the average sedimentation coefficient, as well as its distribution, for any sample. 
These parameters are of fundamental interest to nanoscientists, and they also are of 
practical importance for nanoparticle separations. If sedimentation coefficients for 
nanoparticles were known, ultracentrifuges could be used more efficiently and effectively 
for separations of closely related populations. Generic models that describe particle 
movement in a centrifuge can be found in textbooks on Colloidal Science; they typically 
balance the centrifugal force that promotes settling against buoyancy, thermal diffusion, 
and viscous drag (Laue and Stafford, 1999; Svedberg, Ahher et al, 2005). Whether these 
models work for nanocrystals of dimensions less than 20 nm is an outstanding question. 
The sedimentation coefficients predicted by these treatments assume macroscopic models 
for the solution characteristics. Additionally, for larger particles the material density is 
assumed to be a constant value and independent of size; for inorganic nanocrystals, the 
overall density of the particle itself will be a strong function of size, as the organic 
coatings will contribute more to the density for smaller systems (Dollefeld, Hoppe et al., 
2002; Svedberg, Ahner et al., 2005). Thus, nanoscale materials present several features 
that may require significant modifications to the standard framework for particle 
sedimentation. 
In this work we apply analytical ultracentrifugation to measure the sedimentation 
coefficients of representative nanocrystals and compare these data to conventional 
models for particle settling. We rely on a variety of nanocrystals, including gold, 
cadmium selenide, and iron oxide nanocrystals, to demonstrate the generality of our 
findings. Although these materials are generally monodisperse, they do possess size 
distributions and thus exhibit a spread of sedimentation coefficients. By varying the size, 
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surface coating and composition of materials, we can examine whether models for 
sedimentation generally need to be modified for the specific case of nanocrystals. In 
particular, the inclusion of a size-dependent density in these descriptions is essential to 
describe semi-quantitatively the observed experimental data; even with this correction, 
we find that nanoparticle sedimentation depends more steeply on size than predicted. 
Finally, we show how estimates of the average sedimentation coefficients can permit 
more effective separation of a nanocrystal sample with a bimodal distribution. 
3.2. Results and discussion 
3.2.1. Size-dependent sedimentation of CdSe and Fe3C>4 nanocrystals 
Figure 3.1 shows the distribution of sedimentation coefficients for model 
nanocrystal samples of both cadmium selenide and iron oxide. These samples were 
produced using established techniques, and a variety of characterization tools have 
confirmed that such systems are non-aggregating and stable suspensions (Krueger, Al-
Somali et al., 2005; Yavuz, Mayo et al., 2006). Both materials show increases in their 
average sedimentation coefficent with increasing diameter as well as nearly vertical 
integrated frequency distributions. The latter feature corresponds to the presence of a 
very narrow range of sedimentation coefficients. This result is consistent with the TEM 
data that demonstrate both materials form size distributions with a typical variation of 
less than 15%. Because their sizes are so uniform, the sedimentation coefficients 
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Figure 3.1. Size-dependent sedimentation of inorganic nanocrystals. (A) 
The sedimentation coefficient distributions, displayed as integrated frequency 
distributions, for four samples of nanocrystalline CdSe in toluene ranging in size 
from 2.8 to 3.1 nm in core diameter. These samples yielded average s-values of 
21.1, 24.3, 27.8, and 33.0 S that corresponded well with TEM core 
measurements. All samples were run at the same speed and temperature. (B) 
Sedimentation coefficient distributions for magnetite nanocrystals in hexanes. 
Core diameters of 4, 6, 11, and 16 nm particles yielded s-values of 99.1, 277, 
568, and 1640 S, respectively. The samples were run at different speeds to 
accommodate the drastically different sedimentation rates. 
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Nanocrystals that have larger core sizes have larger average sedimentation 
coefficients; this size dependence is not surprising given the anticipated relationship of 
the sedimentation coefficient to particle parameters such as radius and density. For 
spherical particles, in dilute suspensions, textbook models for general sedimentation in 
the absence of centrifugal force predict that: 
_ ^"-H VPparticle ~ Psolvent) r~ -, -i 
9n 
where RH is the hydrodynamic radius of the particle, p is the density, r\ is the viscosity of 
the solvent and g is the gravitational constant (Hiemenz and Rajagopalan, 1997). To a 
first approximation, the sedimentation coefficient should scale with the square 
dimensions of the particle, a prediction in qualitative agreement with the data shown in 
Figure 3.1. In addition, the cadmium selenide nanocrystals have lower sedimentation 
coefficients than the nanocrystalline iron oxides. This result is largely a reflection of the 
different sizes. However, the densities of the nanocrystals also are an important factor for 
determining their sedimentation coefficients. Even though the densities of bulk cadmium 
selenide (5.81 g/cm ) and iron oxide (5.17 g/cm ) are comparable, in nanocrystal form 
these densities are a substantial overestimate. The contribution of the low density organic 
coatings are non-negligible in this size range and must be taken into account in order 
to describe the data (Dollefeld, Hoppe et al., 2002; Colfen, Tirosh et al., 2003; Svedberg, 
Ahner et al., 2005). 
To evaluate the importance of these size-dependent effects, we compared the 
measured sedimentation coefficients for these model nanocrystals to predictions from 
Equation 3.1. In order to place data collected in different solvents on the same relative 
scale it is necessary to apply a linear conversion factor to the raw data. Using 
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Equation 3.1, this is a straightforward process that provides the equivalent sedimentation 
coefficients in toluene for samples run in another solvent: 
sAtolueneaOC) = s a . ^ ^ . ^ ^ [3.2] 
rj(toluene) Apsolvent 
For these data, iron oxide nanocrystal sedimentation coefficients in hexanes are 1.75 
times larger than their expected values in toluene at the same temperature. 
3.2.2. Approximation of nanocrystal density by a core-shell model 
Figure 3.2 shows that the size-dependent sedimentation coefficients qualitatively 
behave as Equation 3.1 would predict, but that the assumption of a constant nanoparticle 
density vastly overestimates the measured sedimentation coefficients. The solid lines in 
these figures represent the predictions of Equation 3.1 assuming a bulk density for the 
particles; the experimental data, especially at smaller sizes, is in poor agreement. 
Although lower overall particle densities generate better agreement, they fail to match the 
pronounced size dependence in the average sedimentation coefficients. This failure is 
because nanoparticle density is not constant with size, but varies substantially as relative 
contributions of the inorganic core and surface coating change with core diameter. 
To evaluate whether this size dependent density could better account for our data, 
we derived the anticipated density of a nanocrystal consisting of a spherical inorganic 
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Figure 3.2. Size-dependent sedimentation coefficients plotted against nanocrystal 
size. Hydrodynamic radii take into account nanocrystal density correction using 
Equation 3.3. The black curves in each figure estimate the s-values by using bulk 
density values. The blue curves estimate s-values by assuming that the density of 
particles is size-dependent. (A) CdSe in toluene (unsealed s-values). (B) Fe304 in 
hexanes (s-values scaled to toluene). Experimental data error bars for hydrodynamic 




((RH-t)3\ _ x 
D 3 \Pcore Pshell) [3.3] 
I RH J 
where t is the thickness of the organic shell, pSheii is the density of the shell, pcore is the 
density of the bulk inorganic, and RH is the hydrodynamic radius. The shell density is 
difficult to estimate, but we found that the results of Figure 3.2 are relatively insensitive 
to densities in the 1.0 to 1.6 g/cm range, which we demonstrate in Figure 3.3. Using 
estimates for the shell thickness and density that are reasonable for these systems, we find 
that the experimental data agree well with the predictions. In particular, the model across 
a range of sizes and materials is in better agreement to both the absolute values of the 
experimental data as well as the steep size-dependent sedimentation coefficient measured 
in both nanocrystal systems. 
Equation 3.3 thus provides an estimate of nanoparticle density, which when 
combined with equation 3.1 yields a prediction for the sedimentation coefficient versus 
size. We find that by including a size dependent density term, even from our simple 
model, we are able to match quite well the experimental data with a model that has no 
adjustable parameters (Figure 3.2). Across a range of sizes and materials, we find the 
treatment captures the absolute values of the experimental data as well as the steep size-
dependent sedimentation coefficient measured in both nanocrystal systems. Although the 
agreement in the improved model is good, it is not perfect because it does not account for 
the non-uniformity of surface coatings, immobilized solvent molecules at the surface or 
within the coating, or shape effects. Further studies will evaluate these effects in more 
detail to achieve quantitative models for these important sample parameters. Note that 
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Figure 3.3. Size-dependent sedimentation coefficients plotted against 
nanocrystal size for iron oxide nanocrystals with varying estimates of 
the density of the surface coating. Hydrodynamic radii reflect modified 
nanocrystal density using Equation 3.3. The dashed black curve estimates 
the s-values by using bulk density values. The blue curve and dotted red 
curve estimate s-values by assuming that the density of particles is size-
dependent. 
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measuring RH; we thus find this term by adding the shell thickness to the measured core 
radius from TEM. 
3.2.3. Effect of polymer chain length on sedimentation of polystyrene-coated gold 
nanocrystals 
Equations 3.1 and 3.3 suggest that nanoparticle density, and ultimately 
sedimentation properties, can also be manipulated through changes in surface coatings. 
Figure 3.4 shows the effects of varying the thickness of a surface coating on the 
sedimentation of gold nanocrystals. In this case, very small gold nanocrystals (core 
diameter = 2.2 ± 0.2 nm) were coated with polystyrene chains via a thiol end group. 
Using Equation 3.1 and a modified density as predicted by Equation 3.3, we estimate that 
gold coated with a short polymer chain (1100 MWt) should have an sa of 45 Svedbergs, 
and the measured value is 37 Svedbergs. A major challenge in analyzing these data is the 
estimate of the polymer coating thickness; if the polymers are more extended, for 
example, we find an sa of 39 Svedbergs. A thicker organic coating reduces the average 
sedimentation coefficient; this decrease is because the coating lowers nanocrystal-
polymer densities for the higher molecular weight coatings. These data illustrate that the 
sedimentation coefficients of nanocrystals are exquisitely sensitive to the thickness of 
their surface coatings. Evaluating these surface features directly in solution is 
challenging, yet often critical in understanding nanocrystal properties in biological and 
environmental settings. 
Taken together, the data in Figures 3.2 and 3.4 demonstrate that nanocrystal 
sedimentation properties are strongly size and surface dependent. We can estimate at 
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Figure 3.4. Sedimentation of polystyrene-coated gold nanocrystals in 
toluene. The longer the polymer chain, the smaller the density of the particles 
and the smaller the sedimentation coefficient. Average sedimentation 
coefficients, from left to right, are 23.0, 23.9, 29.2, and 36.6 S, respectively for 
polymers of decreasing molecular weight. 
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least semi-qUantitatively the value of their sedimentation coefficients if the nanocrystal 
density is corrected to include the contribution of the surface coating. As a consequence, 
nanocrystals display sedimentation coefficients that depend more steeply on their size 
than conventional particle settling models that predict a scaling of radius squared. This 
size dependence can be captured by a simple core-shell model for the inorganic core and 
organic coatings (Figure 3.2). At large enough sizes, nanocrystal-coating particles will 
approach the bulk inorganic density and show conventional particle behavior. The exact 
size where this occurs depends on the coating thickness; however, for standard organic 
coatings that are 1 nm in thickness, nanocrystals will typically reach about 85% of the 
bulk density with cores of 35 nm diameter. 
Although the standard model modified with a size-dependent density is in good 
semi-quantitative agreement with our experimental data, a more precise comparison 
would require an independent measure of nanocrystal density. Centrifugation can be 
applied to this problem for other systems, and indeed sedimentation equilibrium as 
opposed to sedimentation velocity experiments have been applied to measuring the 
density of polymers and biomolecules (Edelstein and Schachman, 1967; Lechner and W., 
1999; Remsen, Thurmond II et al., 1999; Tziatos, Precup et al, 2002). Unfortunately, 
these studies require that the solvent density be close to that of the nanoparticle, a 
constraint that makes it impossible to evaluate higher density (p > 3 g/cm ) inorganic 
particles. We attempted to extract nanoparticle density using sedimentation velocity 
datasets by varying the solvent density and sample temperature. As is apparent in 
Equation 3.2, a measure of the sensitivity of the sedimentation coefficients to such 
variables could, in principle, yield the nanoparticle density. However, our observed 
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changes in sedimentation coefficients were equal to our experimental errors over the 
range of solvent compositions and temperatures that preserved isolated and non-
aggregating particles. Future work will focus on more precise measures of sedimentation 
velocities as well as developing ways to measure nanocrystal density that do not rely on 
sedimentation. The sedimentation data for Figures 3.1 and 3.4 are summarized in Table 
3.1. 
3.2.4. Prediction of optimal rotor speed 
One application for estimating size-dependent nanocrystal sedimentation 
coefficients is the development of more robust separation of nanocrystal mixtures. 
Ultracentrifugation is now widely used to purify nanomaterial samples, but rarely do 
researchers use quantitative information about the sedimentation characteristics of the 
components. Such information is necessary to select the optimal speed for a process. For 
separations, it is best to choose the slowest speed such that the faster sedimenting 
material deposits completely in a reasonable time frame. If speeds are faster than this 
optimal value, then more of the smaller material will be removed than is necessary in the 
pellet. If speeds are too slow, then the larger material will not be removed completely. 
Good estimates of nanocrystal sedimentation coefficients can provide information 
to help choose centrifugation speeds for separating nanoparticle populations. Generally 
TEM or other imaging tools can provide dimensions of the inorganic components of 
various populations in a starting material. With such information about the cores, and 
good estimates of the coating thickness and composition, Equations 3.1 and 3.3 can be 











































































































Table 3.1. Table of nanocrystal samples from Figures 3.1 and 3.4. Core d is the core 
diameter, OTEM is the size distribution from TEM, aabS,core is the absolute error in the core 
measurements, HR is hydrodynamic radius, aabs,HR is the absolute error associated with 
the hydrodynamic radius, N is the number of particles measured, sa is the sedimentation 
coefficient in Svedbergs, a sa is the error in sedimentation coefficient, and sv is the 
sedimentation coefficient corrected to toluene. 
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The optimal speed can then be found from rearranging the original sedimentation 
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t-s„ 
where t is the time in seconds of the separation experiment, sa is the sedimentation 
coefficient in inverse seconds (1 Svedberg = 10"13 sec), co* is the speed in revolutions per 
minute (rpm) and the start position is typically the top of the sample meniscus and the 
end position would be the bottom of the cell. In most cases, a two hour experiment time 
is short enough to ensure little diffusive spreading of the boundary but long enough to 
make the start-up and brake time a minor contribution to the run. If we apply Equation 
3.4 to a typical sample (sa = 100), with a 1.2 cm fully filled sample cell, then we find an 
optimal speed of approximately 13,000 rpm. 
3.2.5. Application of AU to bimodal iron oxide nanocrystals 
To illustrate how to use the determination of the optimal rotor speed in an 
experimental setting, we prepared a nanocrystal mixture by mixing 4 nm and 12 nm iron 
oxide nanocrystals in an approximately 3:2 ratio. This sample simulates the common 
situation where small nanocrystals must be removed from a larger sample of interest. 
Because of the vastly different sedimentation profiles of the two particle types it is 
possible to physically separate the components within the AU. An application of 
Equations 3.1 and 3.3 for these samples predicts that the two species will have 
sedimentation coefficients in hexanes of 100 and 700 respectively. In order to sediment 
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out the larger of the two fractions in half of an hour, we found an optimal speed of 
-10,000 rpm. Because we were applying analytical ultracentrifugation, we chose a 
slightly slower speed so as to have enough sedimentation curves from the larger 
component for reasonable data analysis. The data shown in Figure 3.5 clearly indicate 
the independent sedimentation of the larger nanoparticles (red) from the smaller materials 
(black). Figure 3.6 shows the resulting distributions of the sedimentation coefficients 
found from an analysis of the sedimenting species; both fractions of particles are detected 
and their sedimentation values are in good agreement with those found in the individual 
experiments. 
These data also highlight the limitations in using analytical ultracentrifugation 
under single-speed conditions for simultaneously evaluating populations that are widely 
disparate in size. In general, the timescales of analytical ultracentrifugation experiments 
should be between 60 and 300 minutes so as to allow for enough scans to be collected 
while at the same time minimizing diffusion. Thus, analytical ultracentrifugation at a 
single-speed is best applied to mixtures in which the component sedimentation 
coefficients do not vary by more than a factor of five. If ultracentrifugation alone is 
employed simply to separate materials, there are no such limitations. The best results 
would be achieved when the s-values are substantially different, assuming that the speeds 
are chosen (equation 5) such that the full sedimentation of one species occurs with only 
minimal movement of the second. Alternatively, there are established methods to 
overcome single-speed limitations such as using turbidity optics and/or the gravitational 
sweep method after running at multiple speeds (Machtle, 1999). 
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Figure 3.5. Bimodal magnetite nanocrystals sample run in hexanes. (A) The raw data 
(speed optimized for smaller nanocrystals) show tow boundary regions, which is indicative 
of at least two species. (B) TEM image of the sample. 
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Figure 3.6. Sedimentation coefficient distributions for bimodal magnetite 
nanocrystals. The core diameters of the particles, 4 nm and 12 nm, yielded sa values of 
approximately 100 S and 700 S, respectively. The red lines denote sa values of the 
samples run individually. The analysis process can lead to artifacts when two s-
coefficients are extracted; these were removed from these data and their location denoted 
with asterisks at 400 S and 900 S. 
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3.3. Conclusions 
Uniform nanocrystals exhibit sedimentation behavior that qualitatively follows 
the trends predicted for micron-sized particles: larger and more dense particles sediment 
faster in a centrifuge. However, when core diameters are below 20 nanometers, the 
sedimentation coefficients depend on nanocrystal size in a way not well described by 
conventional models because the low-density coating contributes substantially to the 
overall particle density. Accounting for this size-dependent density provides predictions 
of nanocrystal sedimentation coefficients that are in good agreement with experimental 
data. By predicting sedimentation rates, separation of closely related populations in 
bimodal samples becomes possible. 
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Chapter 4. Applying analytical ultracentrifugation to nanocrystal suspensions 
4.1. Introduction 
AU has been only recently applied to nanomaterials quantitatively; therefore, the 
best practices for data collection and analysis for these types of samples have not been 
specifically addressed. Much of the literature about AU operation is directed towards the 
biochemistry community which uses the technique to evaluate and quantify protein-
protein interactions. Whether these methods can be reliably applied to nanomaterials is 
not apparent. Unlike biomolecules, which when purified are highly uniform, 
nanomaterials have intrinsic size and shape distributions, which contribute to the breadth 
of sedimentation fronts. In addition their sizable and wide ranging densities, often much 
larger than the surrounding fluids, make selection of appropriate sedimentation speeds 
quite difficult. Finally, much of the value of AU in nanoscience derives from quantitative 
analysis of the sedimentation datasets. For adequate interpretation of the data and 
application of theoretical models to extract parameters, it is vital to assess the 
reproducibility of experimental datasets collected under operational conditions designed 
for biomolecule analysis. 
In this work we show that the van Holde-Weischet analysis, a model-independent 
approach that also accounts for diffusion effects, provides a valid determination of the 
sedimentation coefficients for a model system of cadmium selenide nanocrystals (CdSe 
52) suspended in toluene. We compare the sedimentation coefficients derived from the 
van Holde-Weischet approach to a manual calculation and to other established methods. 
We also elucidate the parameters that cause significant and erroneous variation in the 
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overall sedimentation coefficient and corresponding distribution. Finally, we 
demonstrate the reproducibility of AU and its sensitivity to conditions of particular 
importance to nanomaterials, such as the optimal wavelength selection for evaluation of 
sedimenting species. 
4.2. Results and discussion 
4.2.1. Effect of data analysis methods on sedimentation coefficient and distribution 
In order to examine the influence of the data analysis process on the measured 
sedimentation coefficient (s-value), a standard dataset for CdSe52 nanocrystals in toluene 
(see Table 3.1) was analyzed manually to provide a single average s-value, as well as 
with two other accepted methods, c(s) and ls-g*(s), as shown in Figure 4.1. We obtained 
average sedimentation coefficients of 39.9, 34.8, and 37.2 S, respectively. The average 
sedimentation coefficients derived from all the methods agree well with the value 
obtained by the van Holde-Weischet analysis (33 S). The s-value is largest when 
evaluated manually due to the fact that only the first 10 scans of the data set were 
employed, whereas all other methods applied at least 50 scans. 
Greater differences between the methods are found in their description of the 
breadth of the sedimentation curves. The van Holde-Weischet approach yielded the 
narrowest range of s-values (32-35 S), in good qualitative agreement with narrow core 
distributions that we found in TEM. A more quantitative analysis of the distribution 
width, and its relationship to the core diameter distribution, requires an accurate model 
for nanoparticle density that incorporates realistic structures for the organic coatings. 













Figure 4.1. Effect of analysis method on sedimentation coefficient and 
distribution. In general, all methods yield similar average sedimentation 
coefficients, and the only difference lies in the width of the distributions. 
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only over approximately 15 S based on accounting for the core distribution alone. 
In contrast to the narrow distribution derived from the van Holde-Weischet 
analysis, the other analysis schemes (c(s) and ls-g*(s)) yielded broader ranges of values: 
15-92 and 9-92 S, respectively. However, the average sedimentation coefficients for each 
analysis remained largely unchanged. The manual determination generated a relatively 
narrow range of s-values, spanning from 39-42 S, but we emphasize that only single 
points of a few scans were employed for calculation. The measured distributions for the 
van Holde-Weischet and c(s) analyses were extremely sensitive to user-defined 
parameters, unlike the average reported for the distribution, which was generally 
unchanged. Examples of how these parameters, which include details about how the data 
are fit, affect the resulting datasets are given in Figure 4.2 and Table 4.1 for van Holde-
Weischet, and Figure 4.3 for c(s). We also note that the time derivative method yields an 
average sedimentation coefficient that is comparable to the ls-g*(s) and other model-
independent approaches, as shown in Figure 4.4. 
4.2.2. Determination of the reproducibility of the analytical ultracentrifuge 
In addition to data analysis, the reproducibility of the analytical ultracentrifuge is 
of great importance for its current and future implementation. Run-to-run variability of 
average sedimentation coefficients, samples taken at different times and different days, 
was on the order of 5%; however, for samples run at the same time variability is much 
lower. An analytical ultracentrifuge fitted with an AN Ti-60 rotor has the capability of 
collecting data on three samples per run, at the same speed and detection wavelength. 













Figure 4.2. Dependence of van Holde-Weischet plots of sedimentation 
coefficient distribution on number of divisions for CdSe nanocrystals. The 
plots were constructed using the same dataset with the same number of scans. All 
plots utilized a smoothing factor of 5, 80% of the boundary region, and a 0.001 
back diffusion tolerance. Division values of 50, 25 and 10 yielded average 
sedimentation coefficients of 34.0, 34.0 and 34.1 S, respectively. 













Table 4.1. Effect of various van Holde-Weischet analysis parameters on 
the average sedimentation coefficient for CdSe nanocrystals. Back 
Diffusion Tolerance values were obtained on the same dataset with 50 
divisions, 80% of the boundary region, and a smoothing factor of 5. % 
Boundary values were obtained on the same dataset with 50 divisions and a 
smoothing factor of 5. 
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Figure 4.3. Dependence of c(s) plots of the sedimentation coefficient 
distribution on resolution for CdSe nanocrystals. These plots were 
constructed using an estimated f/f0 value of 1.97 on the same dataset with the 
same number of scans. Resolution values of 50, 25, and 10 yielded s-values of 
34.7, 34.9, and 34.6 S, respectively, clearly indicating that resolution has no 
effect on the average s-value obtained. The different resolution values only 





Figure 4.4. Time-derivative analysis applied to CdSe nanocrystals. The average s-
value is approximately 34 S. 
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The standard deviation in the average s-values (33.5, 34.1, and 34.1 S) obtained from all 
three cells in a single run is 0.36 S, or approximately 1.1% of the reported s-value. This 
is in contrast to run to run variability in samples that were taken from the same stock 
solution of nanoparticles and measured on different days (Figure 4.5B). We note that the 
sample was visually stable over the time span between experimental runs and find that 
the upper bound in average s-values (34.1 and 32.5 S) is 5%. 
Finally, we show in Figure 4.5C the variation in s-values for a single aliquot run 
twice. The sample was sedimented, subsequently resuspended, and then analyzed a 
second time. We were able to recover our samples and measure identical AU data after 
sedimentation. We note, however, that the recovery of samples should always be 
evaluated independently to rule out aggregation. Such sample recovery is not possible 
with some proteins for example, and for some nanoparticle systems sedimentation could 
result in interparticle aggregation. However, in this case, the sedimentation properties 
before and after suggest that at least for some samples the technique is non-destructive. 
The average s-values (32.2 and 32.4 S) calculated from both experiments are nearly 
identical, demonstrating that AU is highly reproducible for coated nanomaterials. These 
results, in principle, are not surprising since sedimentation relies solely on the unique 
properties of all solution components. In addition, we also demonstrate that the 
ultracentrifugation process itself, even at very high speeds, does not in this example 
significantly alter the sample. Materials can be recovered for use in further applications. 
This result is in agreement with data shown previously for aqueous nanoparticles at much 
























• cell 2 





• day 1 
A day 2 
3 0
 / . / V 1 3 ^ 
s.(Krsec) 
50 20 























s. (Iff13 sec) 
50 20 30 40 
sA (Iff13 sec) 
50 
Figure 4.5. Reproducibility of analytical ultracentrifugation datasets. (A) 
The same sample, run in separate cells during the same experiment, gives nearly 
identical results. (B) Small variation is observed for different aliquots of the same 
sample run on different days. (C) A slight shift in s-value is also observed for the 
same sample aliquot run once, resuspended, and run a second time. 
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4.2.3. Effect of rotor speed on sedimentation coefficient and sedimentation time 
Operational parameters such as temperature, sample concentration, rotor speed 
and detection wavelength can contribute to systematic variations in quantitative 
measurement of sedimentation properties. Because of the large density of inorganic 
nanoparticles, the selection of appropriate rotor speeds is particularly crucial. In Figure 
4.6, we show that if the rotor speed is too slow then the measured sedimentation 
coefficient for a nanoparticle sample is dominated by artifact. For the sample of CdSe 
nanocrystals in Figure 4.6, the average s-value of 32.6 S is well established 
experimentally and also in good agreement with theoretical expectations based on 
particle dimensions and density (Jamison, Krueger et al., 2008). When the rotor speed 
was between 10,000 and 25,000 rpm, the average s-values agreed with this established 
value (Figure 4.6A). However, at a rotor speed of 5,100 rpm, the average s-value was 
spuriously large, 70 S, more than double its actual value. Figure 4.6B illustrates that this 
effect is not linear with speed but rather becomes significant only at a threshold below 
10,000 rpm. At speeds of 10,000 rpm and greater, the corresponding integral plots are 
nearly vertical, indicating that the sample was comprised of a relatively narrow 
distribution of particles, in good agreement with TEM data. Below 5,100 rpm, however, 
not only is the s-value inflated, the distribution of s-values is very, very broad and ranges 
from 55-100 S. 
These artifacts at slower rotor speeds arise because under these conditions 
nanoparticles sediment very slowly, so much so that diffusive broadening dominates the 
sedimentation front. The timescale of sedimentation increases substantially as the rotor 
speed is decreased; for example, sedimentation times at 10,000 rpm were six hours, and 
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Figure 4.6. The effect of rotor speed on the sedimentation coefficient and 
sedimentation time. Experiments were conducted on CdSe 52 with temperature and 
wavelength held constant at 25 °C and 541 ran, respectively. (A) A wide range of rotor 
speeds yield similar sedimentation coefficients. The 5 krpm speed yielded an 
erroneously larger average sedimentation coefficient due to diffusion effects becoming 
more pronounced at lower speeds. (B) The 5,100 rpm speed also affected the 
sedimentation coefficient distribution, providing a much broader range of s-values that is 
not consistent with TEM characterization. (C) The sedimentation time increased 
drastically as rotor speed decreased. 
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at 25,000 rpm the process was complete in just over one hour (Figure 4.6C). In contrast, 
complete sedimentation at 5,000 rpm took 12 hours. When sedimentation proceeds 
slowly for smaller particles, such as these CdSe nanocrystals, diffusion plays a 
significantly larger role in the overall transport process, effectively inflating the s-value. 
These data thus establish the rather narrow conditions under which the van Holde-
Weischet analysis is not appropriate: namely, when diffusion dominates the 
sedimentation profile. If samples must be evaluated at slower speeds for some reason, 
the c(s) approach may be more accurate for absolute determination of s-values. Using 
this method we obtained s-values for 5,100, 12,000, 17,000 and 25,000 rpm from 32 to 
35 S, in good agreement with the value of the sedimentation coefficient in the absence of 
excessive diffusion. However, we must also note that the diffusion coefficients 
calculated under the c(s) conditions are similar for speeds of 10,000 rpm and greater 
(approximately 1.2 x 10" m /s), whereas the diffusion coefficient is estimated to be 1.5 x 
7 0 
10-' mz/s for the 5,100 rpm case. Although the differences in diffusion coefficients may 
not seem large, the effects are much more noticeable at the slower rotor speed because 
sedimentation is proceeding more slowly. Though a relatively wide range of speeds 
yields reasonable sedimentation profiles for nanocrystals, ideally these materials should 
be evaluated at sufficiently high speeds so as to minimize diffusion. However, if samples 
sediment too quickly to permit adequate collection of scans (at least fifty) for analysis 
then other sources of error enter into the analysis process. Several appropriate speeds on 
one sample should be run in order to ensure ideal sedimentation conditions have been 
achieved. 
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4.2.4. Effect of temperature and concentration on average sedimentation coefficient 
and distribution 
Temperature and sample concentration also affect the sedimentation of 
nanoparticles. The effects of these variables have been well-documented in traditional 
AU of biomolecules and polymers (Beck, Gambee et al., 1996; Cole, 1996; Colfen, 
Harding et al, 1996; Colfen, Harding et al., 1997; Hahn, Gornitz et al., 1998; Lavrenko, 
Okatova et al., 1999; Chrysina, Brew et al, 2000; Sood and Slattery, 2001), and more 
recently, colloids and nanoparticles (Thiesweesie, Philipse et al., 1995; ThiesWeesie, 
Philipse et al., 1996; Donselaar, Philipse et al., 1997; Pathmamanoharan and Philipse, 
1998; Donselaar and Philipse, 1999; Wang and Wen, 1999; Dogic, Philipse et al., 2000; 
van der Kooij, Philipse et al., 2000). These studies have generally shown that the 
sedimentation coefficient increases with increasing temperature due to polymerization or 
aggregation of the solutes (Hahn, Gornitz et al., 1998; Sood and Slattery, 2001). 
Additionally, viscosity is a parameter that is highly sensitive to temperature and also 
affects sedimentation. Most modern analytical ultracentrifugation systems are equipped 
with thermal control accurate to ± 1°C for this reason, diminishing contributions of this 
parameter to the operational error. Furthermore, the Ultrascan analysis program accounts 
for the effect of temperature on viscosity, thereby allowing for the most accurate 
determination of the sedimentation coefficient. Figure 4.7A shows the impact of 
temperature on the s-value and distribution of s-values. For our model, CdSe 
nanocrystals suspended in toluene and run at the same speed, we have determined the 
average s-value to be approximately 33 S with a very narrow range (33-34 S) at 25 °C. 
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Figure 4.7. Dependence of sedimentation distribution on temperature and 
relative concentration. (A) Lower temperatures caused an increase in s-value 
and the s-value distribution for CdSe nanocrystals suspended in toluene, due to 
organic solvent properties being more sensitive to temperatures in this range 




At temperatures of 10 and 15 °C the average s-values do increase and exceed the 
5% run-to-run variability expected for an AU experiment. The 10 and 15 °C experiments 
yielded average s-values of 40.8 S and 37.4 S, respectively. In general, we note an 
increase in s-value for each decrease in temperature. A similar effect has also been 
observed in RNA sedimentation studies, for which the phenomenon was attributed to 
changes in molecular conformation from a coil at lower temperatures to more extended 
form at higher temperatures (Schulte, Morrison et al., 1974). A more noticeable effect at 
10 and 15 °C, however, is that the range of s-values is markedly broader than the 20 and 
25 °C experiments: 32-45 S and 36-48 S, respectively. We attribute this expansion to 
decreased solubility of the nanoparticles and possible aggregation of the nanocrystals at 
lower temperatures (Stowell and Korgel, 2001; Lisiecki, Albouy et al., 2004). 
In general, sedimentation coefficients linearly decrease with increasing 
concentration because the overall solution viscosity corresponds to the amount of solute 
present. In Figure 4.7B, we show the dependence of sedimentation coefficient on 
concentration. For nanoparticle concentrations ranging from 1.4 uM to 3.9 uM, we 
observed no significant change in the average s-value. All of these values are within the 
experimental error of the experiment. Interestingly, however, the highest concentration 
yielded a slightly larger s-value (34.1 S) than the other concentrations, indicating that 
aggregation may have started to occur. 
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4.2.5. Effect of wavelength on sedimentation coefficient distribution 
A final experimental parameter that we have found to be of particular importance 
to sedimentation analysis of nanocrystals is the detection wavelength. Figure 4.8 shows 
how the sedimentation coefficient distributions for CdSe and Fe3C>4 nanocrystals change 
as different detection wavelengths are selected. In Figure 4.8A, detection wavelengths of 
432 and 541 nanometers both yielded average sedimentation coefficients of 
approximately 33 S for CdSe nanocrystals. However, a broader distribution was 
observed when samples were monitored at 432 nm as compared to 541 nm. This effect is 
likely due to the fact that the CdSe nanocrystals exhibit a strong size dependent optical 
absorption. For this sample, its peak wavelength was centered at 541 nanometers, and 
thus detection at this wavelength would be insensitive to the smaller nanocrystal sizes 
which absorb at longer wavelengths. Alternatively, at 432 nm most of the sample 
population would be absorbing. In contrast, Figure 4.8B shows the wavelength of 
detection has little effect on data from Fe304 nanocrystals, which do not show size 
dependent optical absorption. We compared three different wavelengths and obtained the 
same average s-value (~1700 S) and distribution in all cases for these 16 nanometer 
particles. 
4.3. Conclusions 
In conclusion, analytical ultracentrifugation can be applied to nanocrystal 
suspensions. Although data analysis methods do not typically affect average s-values, the 
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Figure 4.8. The effect of monitoring wavelength on sedimentation 
coefficient distributions of CdSe and Fe304 nanocrystals. (A) CdSe 
nanocrystals, which have size dependent absorption characteristics, yielded the 
same average sedimentation coefficient for two different wavelengths; 
however, the range of s-values is broadened at the lower wavelength. (B) 
Fe304 nanocrystals showed no variation in the range of s-values obtained for 
multiple wavelengths. Insets show UV-Visible spectra of the nanocrystals. 
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not correct for diffusion. The van Holde-Weischet analysis provides an effective way to 
account for both diffusion broadening as well as sample heterogeneity in AU datasets. 
The resulting datasets describe both the average sedimentation coefficient as well as the 
distribution of sedimentation coefficients for a nanocrystal sample. Typical run to run 
variability in a conventional analytical ultracentrifugation instrument is low, not more 
than 5%, in reported sedimentation coefficient average and distribution width. 
Operational factors such as temperature and material concentration have minor effects on 
measured data, most of which are accounted for in the analysis process. Some 
nanocrystals have size dependent optical absorbances that make detection wavelength an 
issue for data collection. Additionally, to obtain accurate data for nanoparticles rotor 
speeds should be selected to permit complete sedimentation within six hours. 
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Chapter 5. Protein-Nanoparticle Interactions 
5.1. Importance and applications of bionanoconjugates 
The ability to attach proteins to nanoparticles has greatly expanded the 
applications of nanomaterials. These hybrid materials are particularly unique because, if 
they are designed correctly, then the individual properties of each component are 
maintained, yielding a new, bifunctional material. These hybrid materials have been used 
to destroy breast carcinoma cells (Loo, Lowery et al., 2005) as well as other cancers 
(Bakalova, Ohba et al., 2004), and to perform as optical contrast agents (Achilefu, 
Jimenez et al., 2002; Nitin, Javier et al., 2007; Zhou, Nakatani et al., 2007; Javier, Nitin 
et al., 2008). Other applications have employed these materials as cell markers (Liu and 
Vu, 2007; Yong, Qian et al., 2007; Tekle, Deurs et al., 2008) and drug delivery agents 
(Bae, Nishiyama et al., 2005; Yang, Sun et al., 2005; Lee, Fujita et al., 2006; Medintz, 
Pons et al., 2008; Xu, Yong et al., 2008; Farokhzad and Langer, 2009). Also important 
are the potential applications of these materials as tissue engineering scaffolds (Luo and 
Prestwich, 1999; Liu, Zhang et al., 2001) and colorimetric sensors/detectors (Chakrabarti 
and Klibanov, 2003; Charrier, Candoni et al., 2006; Schofield, Haines et al., 2006; Liu 
and Lu, 2007; Schofield, Field et al., 2007; Cho, Lee et al., 2008; Lee, Ulmann et al., 
2008; Wang, Wang et al, 2008; Zhao, Ali et al, 2008). 
In addition, bionanoconjugates are an excellent departure point for assembly of 
isolated nanoparticles into complex, three-dimensional nanoarchitectures. These so-
called higher order structures have properties that differ from both discrete nanoparticles 
and the corresponding bulk material. Their applications to fields such as electronics have 
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been explored (Schwartzberg, Grant et al., 2004; Wang and Sun, 2006). Researchers 
have found that electronic enhancements exist between the junctions of closely spaced 
nanoparticles, making higher order structures ideal for molecular structure interrogators 
and optical limiters, to name two examples (Wang and Sun, 2006; Basu, Pande et al., 
2008). 
5.1.1. Retaining nanoscale properties 
One key issue in creating and designing bionanoconjugates is insuring that each 
component maintains its unique properties. In the case of the nanomaterial component, it 
may be desirable that the nanomaterials not aggregate into larger structures. This feature 
is particularly important for in vivo applications to minimize blockage of blood vessels 
(Lin, Tsai et al., 2005). In many applications, basic nanomaterial properties must be 
undisturbed, and it is therefore crucial that the nanomaterials remain unaggregated 
because the properties of isolated nanomaterials can differ drastically from clusters of 
nanoparticles (Han, Yu et al., 2004; Peterson and Cliffel, 2005; Vikesland, Heathcock et 
al., 2007). In other applications, such as with sensors, the aggregation of nanomaterials 
into higher order structures upon recognition of a compound of interest is desired because 
the process of aggregation can be visualized via a distinct color change (Chakrabarti and 
Klibanov, 2003; Charrier, Candoni et al., 2006; Schofield, Haines et al., 2006; Liu and 
Lu, 2007; Schofield, Field et al, 2007; Cho, Lee et al., 2008; Lee, Ulmann et al., 2008; 
Wang, Wang et al., 2008; Zhao, Ali et al., 2008). This example illustrates how the 
biological component can be used to tune nanoparticle properties. 
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A whole host of methods exist to tailor the functionality, and often structure, of 
isolated bionanoconjugates. These methods mainly rely on various surface coatings to 
physically and/or electrostatically prevent the uncontrolled growth of discrete 
bioconjugates into complex, aggregated nanoarchitectures. For example, an assortment of 
alkanethiols and other functional group-containing alkanes have been employed 
(Sainsbury, Stolarczyk et al., 2005; Kaufman, Belyea et al., 2007; Zhang, Leem et al., 
2008). Also, thiol-terminated polyethylene glycol and other functionalized polymers 
have been exploited as surface coatings (Zheng, Li et al., 2004; Thierry, Zimmer et al., 
2008). Even proteins and other biomolecules have been implemented to maintain non-
aggregated bionanoconjugates (Mirkin, 2000; Zhong, Luo et al., 2004). Some 
researchers have used no nanomaterial surface coatings and have been able to form stable 
unaggregated bionanoconjugates (Keating, Kovaleski et al., 1998; Brewer, Glomm et al., 
2005; Jiang, Jiang et al., 2005). Although each of these stabilization methods have 
proven to be effective at maintaining isolated bionanoconjugate structures, many 
disadvantages still plague the application. These range from promotion of non-specific 
interactions of the coatings with proteins to minimization of protein binding to the 
denaturation of the bound proteins, all of which could affect protein function. 
5.1.2. Retaining protein function 
Retaining protein function in bionanoconjugates is a topic that has been under 
intense investigation in recent years. The large body of work now emerging in this area 
suggests that upon attachment to a nanoparticle, protein structure can be affected, 
resulting in altered function (Norde and Anusiem, 1992; Kondo, Murakami et al., 1993; 
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Czeslik and Winter, 2001). It is not surprising that the type of interaction between the 
protein and nanoparticle can also drastically influence protein properties. Coated 
nanomaterials, while definitely an advantage for maintaining isolated nanomaterials, can 
be problematic for bioconjugates because the nature of these ligands can enhance non-
specific binding and/or promote protein denaturation (Zheng, Li et al., 2004; Aubin-Tam 
and Hamad-Schifferli, 2005). 
Alkanethiols have been shown to create the potential for non-specific binding 
between the hydrophobic moieties of both the coating and the protein (Zheng, Li et al., 
2004). Non-specific binding is an issue for some applications of bionanoconjugates that 
rely on orientation to function, such as in sensing and detecting compounds of interest. A 
combination of thiolated alkyl coatings with charged, terminal groups on gold 
nanoparticles can also drastically affect protein structure (Aubin-Tam and Hamad-
Schifferli, 2005). Studies showed that any charges present at the end of the alkyl group 
disrupted the secondary structure of cytochrome C, whereas neutral poly(ethylene glycol) 
coatings had no significant effect, as depicted in Scheme 5.1 (Aubin-Tam and Hamad-
Schifferli, 2005). Polymer coatings, such as polyethylene glycol, have been shown to 
prevent non-specific binding with proteins because the proteins do not interact 
substantially with these coatings (Zheng, Li et al., 2004; Thierry, Zimmer et al., 2008). 
While these coatings do not impact protein structure/function, they prevent the formation 
of protein-nanoparticle binding and require an additional coating step in order to facilitate 
an interaction (Zheng and Huang, 2004). 
Scheme 5.1. The effect of surface coating charge on protein structure. 
The above image depicts how a positively charged protein would interact 
with gold nanoparticles that have a positive (left), negative (middle), and 
neutral surface coating. Charged coatings cause protein structural 
modifications, whereas the neutral coating leaves the protein structure intact 
(Aubin-Tam and Hamad-Schifferli, 2005). 
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Because of the various disadvantages associated with coated particles, many 
studies of protein-nanoparticle interactions have shifted to the use of uncoated 
nanoniaterials. The charged stabilizing groups at the surface can often provide more 
reactive groups for attaching proteins. For non-coated nanomaterials, the interaction of 
proteins with charged capping agents such as citrate can be advantageous. In the case of 
bionanoconjugates formed from horseradish peroxidase (HRP) and citrate-stabilized gold 
or silver nanoparticles, the enzymatic activity of HRP was maintained or even enhanced 
due to the metal nanoparticle surface facilitating electron transfer (Zhao, Henkens et al., 
1992; Bjerneld, Foldes-Papp et al., 2002). In other cases, as with gold nanoparticle-
lysozyme conjugates, researchers found that direct conjugation of lysozyme to uncoated 
gold nanoparticles caused a great loss of a-helicity due to disruption of disulfide bonds, 
which then subsequently formed covalent bonds with the gold particles (Zhang, Neumann 
et al., 2009). Lysozyme had to undergo significant conformational changes for this to 
occur, presenting further opportunity for non-specific, hydrophobic interactions at the 
interface between the nanoparticles and the protein (Zhang, Neumann et al., 2009). 
Other research on uncoated, charged gold nanoparticles found that the modes of 
protein attachment largely dictated the extent of protein structure disruption. Horse heart 
cytochrome C, conjugated with gold nanoparticles, displayed a minimal degree of 
structural changes because these proteins interacted with the gold nanoparticles non-
specifically (Gomes, Santos et al., 2008). Gold nanoparticle conjugates with yeast 
cytochrome C exhibited significant changes in secondary structure due to a cysteine 
residue facilitating the formation of a covalent bond (Gomes, Santos et al., 2008). 
Because this particular cysteine residue was located near many negatively charged and 
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neutral residues, the negative charges present on the surface of these citrate-stabilized 
particles forced the protein structure to undergo major conformational changes (Gomes, 
Santos et al., 2008) 
Other factors that can impact protein function in bioconjugates are pH and the 
relative size of the protein compared to the nanomaterial. Research with silica 
nanoparticles conjugated to trypsin, peroxidase, and catalase elucidated that enzymes 
conjugated at or above their respective isoelectric points (pi) had a greater degree of 
activity, whereas conjugation below the pi significantly impaired activity (Kondo, 
Murakami et al., 1993). Similar results were found with silica nanoparticles conjugated 
with lysozyme, where the lower the pH at conjugation, the more structural modifications 
in the lysozyme (Vertegel, Siegel et al., 2004). In contrast, gold nanoparticles conjugated 
with bovine serum albumin showed an increasing degree of secondary structure changes 
with increasing pH, even above the pi of albumin (Shang, Wang et al., 2007). 
The relative size of the nanomaterial in relation to the size of the protein also 
strongly impacts protein function. Several studies of cytochrome C-gold and lysozyme-
silica nanoparticle conjugates have documented that proteins undergo less conformational 
change, and thus exhibit higher activity, when conjugated to smaller nanoparticles, as 
depicted in Scheme 5.2 (Vertegel, Siegel et al., 2004; Jiang, Jiang et al., 2005). These 
effects have been attributed to hydrophobic interactions between smaller particles and the 
protein, whereas larger particles interact electrostatically (Jiang, Jiang et al., 2005). 
Another more plausible explanation, considering the fact both types of 
nanoparticles in the above cases had no coatings and were stabilized by negative charges, 
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4nmSi02 20nmSiO, 100ntnSiO2 
Scheme 5.2. The effect of nanoparticle size on protein structure. As nanoparticle 
size increases, the greater degree of structural changes the protein undergoes to 
maximally interact with the negatively charged nanoparticle surface (Vertegel, Siegel 
et al., 2004). 
107 
relies on calculation of the relative electrostatic potentials for small and large particles. 
These calculations revealed that larger particles have a larger electrostatic potential; 
therefore, proteins (with multiple positive residues) would interact with larger particles to 
a greater extent, which promoted a loss of secondary structure (Vertegel, Siegel et al., 
2004). Another explanation focuses solely on the size of the protein. Research with gold 
nanoparticles conjugated with lysozyme showed that 1 to 2 of lysozyme's disulfide bonds 
had to be disrupted in order to bind to gold. Since lysozyme is 15 kDa, this bond 
disruption causes a greater degree of structural change. Bovine serum albumin, which 
has 17 disulfide bonds and is 67 kDa, would likely undergo less structural change 
because a lower level of rearrangement would occur upon the scission of a subset of these 
disulfide bonds (Zhang, Neumann et al., 2009). 
Clearly, devices and applications employing protein-nanoparticle interactions 
require extensive design consideration. Retention of nanoscale features may involve 
either using a nanoparticle surface coating or none at all, depending on the particular 
application. Retention of protein activity is less straightforward because consideration of 
more factors is necessary, ranging from the type of coating to a whole host of solution 
conditions. As applications become more focused, the advancement of 
bionanoconjugates in the future will rely on knowledge of strategies to maintain or 
enhance protein activity/function for both coated and uncoated bionanoconjugates. 
5.2. Characterization of bionanoconjugates 
Although bionanoconjugates require a great deal of design consideration to 
maintain the functionality of both the nanoscale and biomolecule components, an even 
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greater concern pertains to the many issues involved with characterizing these materials. 
In particular, many existing characterization tools are adept at characterizing either 
nanoscale entities or biomolecules, but not the composite, hybrid material. Further, 
unlike either nanomaterial or biomolecule characterizations in general, there exists no 
standard, basic method to evaluate simple information about bionanoconjugates. 
5.2.1. Agarose electrophoresis 
Agarose electrophoresis has been commonly used to evaluate biomolecules by 
providing a measure of sample purity. This method has also been applied to 
bioconjugates, but the presence of the nanoparticle complicates interpretation. In one 
example application, electrophoresis was able to provide information about the overall 
charge on the bioconjugates depending on the direction of migration from the sample 
wells in agarose. Bionanoconjugates with an overall negative charge migrated through 
the agarose toward the positive electrode, whereas positively charged biocnanoonjugates 
migrated toward the negative electrode, as shown in Figure 5.1 (Aubin-Tam and Hamad-
Schifferli, 2005). The strong dependence of a bioconjugate's charge on its ability to 
migrate through agarose further illustrates the limited utility of this method for hybrid 
systems. This phenomenon has also been noted in studies of bionanoconjugates based on 
DNA, in which electrophoresis was employed for evaluating DNA attachment (Sandhu, 
Mcintosh et al., 2002; Je, Cho et al, 2006; Ghosh, Kim et al., 2008). Unconjugated DNA 
migrated through the gel, whereas DNA-nanoparticle complexes exhibited minimal to no 
migration (Je, Cho et al., 2006; Ghosh, Kim et al., 2008). In one study, this lack of 
migration was attributed to either the overall size of the complex or to DNA binding 
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Figure 5.1. Agarose gel electrophoresis for poly (ethylene glycol)-coated 
nanoparticles attached to cytochrome C. Lane 1 contains only PEG-coated 
particles, lanes 2 and 4 contain PEG-coated particles conjugated with cytochrome 
C, and lanes 3 and 5 contain cytochrome C alone. Since the nanoparticles and 
proteins both have an overall positive surface charge, they migrate up from their 
starting positions (white rectangles along bottom) (Aubin-Tam and Hamad-
Schifferli, 2005). 
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neutralizing the charge on the nanoparticles (Sandhu, Mcintosh et al., 2002). These 
studies emphasize that electrophoresis is of little value for bionanoconjugates that cannot 
readily be modified to have significant surface charge. 
5.2.2. Transmission electron microscopy 
Transmission electron microscopy is the most common method for characterizing 
nanomaterials. This tool is only able to generate images of electrically conductive and 
semiconducting materials, making it ineffective at characterizing proteins. Further, 
samples must be dried in order to be imaged, permitting only the core sizes of materials 
to be obtained, instead of hydrodynamic size. As an alternative, cryogenic transmission 
electron microscopy can be used to image organic coatings on nanoparticles (Yu, Chang 
et al., 2007), but the major drawback to this tool is that it is time-consuming and 
expensive to implement. 
5.2.3. Analytical ultracentrifugation 
Analytical ultracentrifugation (AU) is a currently available method capable of 
analyzing bioconjugates and evaluates both the nanoscale and biological components. 
What makes AU particularly attractive is that it can independently evaluate proteins and 
nanomaterials, suggestive of the ability to evaluate hybrid materials comprised of these 
two entities. Indeed, previous work has shown that AU can detect the formation of 
protein-nanoparticle complexes and assess their stoichiometry, as shown in Figure 5.2 
(Calabretta, Jamison et al., 2005). Further application of this method could potentially 
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Figure 5.2. Analytical ultracentrifugation applied to bionanoconjugates. (A) 
Different sedimentation coefficients were obtained for unconjugated 
nanoparticles (Sample B) and protein-conjugate nanoparticles (WT Lacl 
conjugate and T334C conjugate). (B) Stoichiometry curve obtained from 
ultracentrifuge experiments by titration of protein. This measurement assessed 
the number of proteins required to fully passivate the nanoparticle surfaces 
(Calabretta, Jamison et al., 2005). 
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solve complex analytical and characterization problems pertaining to bionanoconjugate 
materials, including assessment of protein structure and function. 
5.3. Summary and outline of present work 
Bionanoconjugates and their applications are rapidly expanding to include the 
biomedical, environmental and electronics fields. The design of these hybrid materials is 
crucial for the particular application for which they are employed in order to retain 
features of interest for either or both nanomaterials and proteins. For example, an 
application in drug delivery would require coated nanomaterials to prevent aggregation, 
but the interaction with the nanoparticle, including the coating, must not structurally alter 
the protein. Alternatively, another bionanoconjugate application focusing on building 
higher order nanostructures would feature no nanomaterial coatings that would interfere 
with assembly, but would require that solution conditions facilitate strong electrostatic or 
other interactions between proteins and nanomaterials, enabling the protein molecules to 
act as linkers or bridging molecules between nanoparticles. 
In Chapter 6, basic design aspects of bionanoconjugates that enhance or minimize 
aggregation into higher order structures are presented and evaluated qualitatively. Stable 
bionanoconjugates and higher order aggregates are created by modifying the solution pH 
and performing chemical modifications to the surfaces of lysozyme-, a-lactalbumin-, and 
mybglobin-gold nanoparticle conjugates. The results demonstrate that the formation of 
complex gold nanoparticle-protein aggregates is a controlled process that is influenced 
directly by the protein surface charge, which is in turn dictated by the protein's pi relative 
to solution pH. 
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Chapter 6. Protein-controlled gold nanoparticle aggregates: Effects of protein 
surface charge modulated by pH and chemical modification 
6.1. Introduction 
The assembly of discrete nanoparticles into complex, aggregated structures is a 
common phenomenon that has been observed extensively in a wide variety of colloidal 
systems, including SnO (Sun, Wang et al., 2006), porphyrin (Gong, Milic et al., 2002), 0-
Ga2C>3 (Lee, Gao et al., 2007), C6o (Chen and Elimelech, 2008), Fe3C<4 (Lattuada and 
Hatton, 2007), Ti02 (Domingos, Tufenkji et al., 2009), and gold and silver nanoparticles 
(Schofield, Haines et al., 2006), to name a few examples. Depending on the system and 
its corresponding applications, the process of aggregation can be either a major problem 
or highly desirable. For example, several independent studies of gold nanoclusters, 
single-walled carbon nanotubes, and iron oxide nanoparticles have demonstrated that 
isolated nanostructures perform much better than aggregates because many of the unique 
properties directly correspond to size (Han, Yu et al., 2004; Peterson and Cliffel, 2005; 
Vikesland, Heathcock et al., 2007). Indeed, the presence of a high degree of 
uncontrollable aggregation with nanoparticles severely limits a material's suitability for 
possible in vivo biomedical applications (Lin, Tsai et al., 2005). 
Alternatively, many investigations have relied on nanoparticle aggregation to 
develop colorimetric sensors (Chakrabarti and Klibanov, 2003; Charrier, Candoni et al., 
2006; Schofield, Haines et al., 2006; Liu and Lu, 2007; Schofield, Field et al., 2007; Cho, 
Lee et al., 2008; Cho, Lee et al., 2008; Lee, Ulmann et al., 2008; Wang, Wang et al., 
2008; Zhao, Ali et al., 2008). Therefore, understanding all aspects of aggregation is a 
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topic of intense investigation for the advancement and use of bionanoconjugate systems, 
which have potential applications in sensing (Sandros, Gao et al., 2005; Kumar, Harrison 
et al., 2007; Medintz, Berti et al., 2007; Shen, Chen et al., 2008), tissue engineering 
scaffolds (Liu, Zhang et al., 2001; Rautaray, Mandal et al., 2005), and contrast agents 
(Achilefu, Jimenez et al., 2002; Nitin, Javier et al, 2007; Zhou, Nakatani et al., 2007; 
Javier, Nitin et al., 2008), to name a few possibilities. 
Gold nanoparticles (AuNPs) have been employed widely in aggregation and 
stability studies of bioconjugates because they exhibit a change in color due to a shift in 
plasmon resonance. Further, these particles are non-toxic, easy to synthesize, and well-
characterized. Because the reaction conditions are highly sensitive, a wide variety of 
nanocrystal sizes can be generated. In order to either promote or prevent aggregation, 
numerous coatings have been employed. Many studies have utilized alkanethiols or other 
alkanes with functional groups to minimize aggregation (Sainsbury, Stolarczyk et al., 
2005; Kaufman, Belyea et al., 2007; Zhang, Leem et al., 2008). However, these materials 
can exhibit hydrophobic interactions between the coating and proteins. Polymer coatings 
have also been utilized, but these materials do not allow for proteins to bind with 
significant avidity (Zheng, Li et al., 2004). Additionally, biomolecules have served as 
coatings to both cause and prevent aggregation (Mirkin, 2000; Zhong, Luo et al, 2004), 
but this strategy is not very broad as it relies on specific protein recognition. 
As an alternative to coated materials, citrate-stabilized AuNPs with no intervening 
organic or biological monolayer readily conjugate with proteins in the absence of solvent-
exposed cysteine residues on the protein surface (Keating, Kovaleski et al., 1998; Brewer, 
Glomm et al, 2005; Jiang, Jiang et al., 2005; Shang, Wang et al., 2007). Non-specific 
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protein-gold nanoparticle interactions in these isolated assemblies are likely due to the 
attraction between the negatively charged gold surface and basic residues on the protein 
surface. A comprehensive study of bovine serum albumin (BSA) adsorption to citrate-
stabilized AuNPs concluded that, indeed, non-specific protein-AuNP interactions are 
primarily due to salt bridges between citrate and lysine (Brewer, Glomm et al., 2005). 
Although clear advantages for isolated AuNP-protein assemblies exist in many 
applications, their use and exploitation to influence the arrangement of nanoparticles into 
aggregated structures has been studied to a lesser extent. Aggregated nanostructures are 
of particular importance because unique materials properties emerge that differ from both 
discrete nanoparticles and the corresponding bulk material, and have applications in the 
general area of electronics (Schwartzberg, Grant et al., 2004; Wang and Sun, 2006). In 
particular, studies have shown that optical limiting effects are greatest in aggregated 
structures comprised of AuNPs (Wang and Sun, 2006). Other work has also 
demonstrated that aggregated AuNPs exhibit significant SERS enhancement over isolated 
particles and that the enhancement is proportional to aggregate size (Basu, Pande et al., 
2008). In this work, aggregation was caused by aminothiophenol, a bridging ligand that 
preferentially arranged the AuNP into linear structures (Basu, Pande et al., 2008). 
Because of interest in using aggregates to assemble three-dimensional 
nanoarchitectures, further research is necessary on bionanoconjugate systems. Already, 
for proteins such as lysozyme, studies have examined complex assemblies of particles in 
arrays that are much more intricate than linear arrangements (Yang, Li et al., 2007). 
Lysozyme (Figure 6.1 A) is a 14 kDa globular protein that has a primarily a-helical 
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Figure 6.1. Crystallographic structures of lysozyme, lactalbumin, and 
myoglobin. The top row shows backbone and space filling representations 
of lactalbumin. The middle and bottom rows show similar representations of 
lysozyme and myoglobin, respectively. In the space filling representations, 
the structures are rotated 180° to show the charged residues on the surface. 
Basic residues (lysine and arginine) are colored blue, and acidic residues 
(glutamic and aspartic acids) are red. Cysteine residues are yellow. Structures 
were generated from protein data bank files 1F6S for oc-lactalbumin 
(Chrysina, Brew et al., 2000), 193L for lysozyme (Vaney, Maignan et al., 
1996), and 1VXA for myoglobin (Yang and Phillips, 1996). Wild-type 
myoglobin contains no cysteine residues, but this amino acid can be 
introduced by site-specific mutagenesis, as we have shown here for the 
myoglobin 63 C mutant. 
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backbone structure with a small region of (J-sheet. Because its isoelectric point (pi) is 
11.5, lysozyme's use in citrate-stabilized gold nanoparticle-based bioconjugates at pH 
values below the pi results in aggregation, presumably due to the prevalence of mostly 
positive surface charges on the lysozyme molecules. 
Lactalbumin is highly homologous to lysozyme in molecular weight and three-
dimensional structure (Figures 6.1 A and 6.IB); however, with a pi of 4.5, lactalbumin 
would be expected to interact differently with charged-stabilized nanoparticles than 
lysozyme at neutral pH values because of its predominantly negative surface charge. In 
Figure 6.1, the surface basic and acidic residues of these two proteins are shown in blue 
and red, respectively. Both proteins contain 8 cysteine residues, all involved in disulfide 
bonds shown in yellow where surface-exposed. These proteins have features that suggest 
use as nanoparticle linkers: They are commercially available, well characterized, and 
resistant to chemical and thermal denaturation. Myoglobin, while similar in its globular 
nature to lysozyme and lactalbumin, is 17 kDa and has a pi of 8, suggestive of potentially 
different aggregation properties (Walbroehl and Jorgenson, 1989). Wild-type myoglobin 
contains no cysteine residues, but this amino acid can be introduced by site-specific 
mutagenesis (shown in Figure 6.1 C). 
How the magnitude and heterogeneity of protein charge affects interactions with 
model nanoparticles remains an outstanding question. Gaining greater insight would 
permit the more rational design of bioconjugates and their corresponding aggregates. In 
this work, we establish conditions under which citrate-stabilized gold nanoparticles can 
be used to synthesize stable bionanoconjugates with three small, globular proteins 
(lysozyme, lactalbumin, and myoglobin). We show that basic residues on the surfaces of 
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these proteins contribute substantially to their sorption onto particle surfaces and that the 
dispersed positive charges across the protein surfaces are sufficient to cross-link gold 
nanoparticles into three dimensional aggregates. This formation of aggregates can be 
tailored by altering solution pH or chemically modifying the protein surfaces, 
demonstrating the relevance of protein surface charge in defining the architecture of bio-
nanoconjugates. 
6.2. Results and discussion 
6.2.1. Controlled aggregation modulated by pH 
Citrate-stabilized AuNPs readily aggregate in the presence of ionic salts and small 
molecules, including proteins that present significant positive charge (Deroe, Courtoy et 
al., 1987; Baudhuin, Van der Smissen et al., 1989; Nakata, Kido et al., 1996). The 
solution environment significantly influences the surface charge of proteins, which is 
depicted in Scheme 6.1. At the isoelectric point (pi), the overall surface charge of the 
protein is neutral with equivalent positive and negative charges. At pH values below the 
pi, the overall protein surface charge is positive (Scheme 6.1-green), whereas at pH 
values above the pi overall surface charge is negative (Scheme 6.1-yellow). 
In Figure 6.2, we demonstrate the impact of pH on aggregation for protein 
conjugates. Unconjugated citrate-stabilized AuNPs that are stable and not aggregated 
have a characteristic absorbance maximum at approximately 520 run due to surface 
plasmon resonance. The pi for lysozyme is — 11.5; thus, at pH 12 the protein has an 
overall negative surface charge, and the protein did not promote AuNP aggregation, as 












Scheme 6.1. Schematic of the effects of solution pH on overall protein 
surface charge. At a protein's pi, the overall surface charge is neutral (pink). 
Below the pi, the overall surface charge is positive (green), whereas the 
overall surface charge is negative above the protein's pi (yellow). 
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Figure 6.2. The effect of pH on the visible spectra of bionanoconjugates. (A-
C) Visible spectra of unconjugated AuNP (black line) and protein-AuNP 
conjugates above (red line) and below (dashed, blue line) respective protein pi 
values. (A) Lysozyme-AuNP conjugates, (B) lactalbumin-AuNP conjugates, and 
(C) wild-type myoglobin-AuNP conjugates. In all cases, protein-AuNP 
aggregates formed only below the pi, where the protein has an overall positive 
charge, and resulted in broadening and red-shifting of the plasmon peak at 523 nm 
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This slight increase in the plasmon peak position is indicative of the gold nanoparticles 
being functionalized with a non-aggregating coating, as has been shown previously for 
gold particles modified with cholera toxin, mannose and lactose (Schofield, Haines et al., 
2006; Schofield, Field et al., 2007). In contrast, below the pi at pH 8, the positively 
charged surface of lysozyme promoted aggregation, presumably due to the negative 
charge carried by the citrate groups. This aggregation is evident in the large shift in the 
plasmon peak position (from 523 nm to 590 nm) and the broadening of this peak (Figure 
6.2A-dashed, blue line). This type of change in the plasmon peak is similar to that 
indicating cross-linking of 13 nm AuNP by DNA (Lazarides and Schatz, 2000). 
Similar behavior was observed for lactalbumin-AuNP and wild-type myoglobin-
AuNP conjugates above and below their respective pi values (Figure 6.2 B, C). The pi of 
lactalbumin is approximately 4.5, and a small shift in the plasmon peak position was 
observed at pH 5 (Figure 6.2B-red line), indicating protein binding, but no aggregation. 
Below the pi at pH 3.4, aggregation was indicated by a significant shift in the plasmon 
resonance peak. For wild-type myoglobin, a small change was noted in the plasmon peak 
position for pH 7.7, very close to myoglobin's pi of 8 (red line). Correspondingly, 
aggregation ensued below the pi at pH 5, where the protein is positively, charged with a 
significant shift in plasmon resonance (Figure 6.2C-blue line). 
6.2.2. Controlled aggregation modulated by chemical modification 
In order to further explore the role of protein surface charge on nanoparticle 
aggregation and determine new ways to control aggregation, we applied various chemical 
modifications, as described in Scheme 6.2, to our three model proteins based on the 
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Scheme 6.2. Schematic of the effects of chemical modifications on protein 
surface charge. Succinylation converts an amino group (high pK) to a 
carboxylate with low pK (yellow), acetylation blocks the amino group to give an 
overall neutral charge (pink), and animation converts a carboxylate (low pK) to 
an amino moiety with a high pK (green). 
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hypothesis that charge is the key factor in aggregation. Succinylation (yellow) or 
acetylation (pink) convert the positively charged lysine amino groups into a group with a 
low pK and negative charges when ionized or neutral groups by the addition of succinyl 
and methoxy groups, respectively. In contrast, amination (green) shifts negatively 
charged glutamate and aspartate carboxylate groups into positively charged amino groups 
with a high pK via the addition of ethylenediamine moieties, changing the pi for the 
modified protein's surface to higher pH values. 
In Figure 6.3 A, we show the effects of succinylation and acetylation on lysozyme 
aggregation at pH below the pi of the unmodified protein. Unmodified lysozyme-AuNP 
conjugates at pH 8 exhibited a typical red shift in the position of the plasmon resonance 
peak relative to unconjugated, non-aggregated AuNPs. However, succinylated lysozyme 
and acetylated lysozyme conjugates at pH 8 displayed minimal alteration, indicating the 
absence of significant aggregation. Further, since these modification reactions 
specifically target the amino groups of proteins, we can confidently assert that these 
moieties are primarily responsible for AuNP aggregation below the pi. Of importance, 
the pH range for achieving stable, isolated bioconjugates can be expanded by these 
chemical modifications. 
To confirm the role of functional groups in bioconjugate aggregation, we 
examined chemical modification of lactalbumin and wild-type myoglobin. Unmodified 
lactalbumin has an acidic pi at 4.5, and it does not promote a significantly shifted 
plasmon peak at pH 5.0 (Figure 6.3B—red curve). Using aminated lactalbumin 
conjugates with conversion of carboxylate to amino groups, at the same pH we observed 
aggregation based on the large shift in the plasmon peak (Figure 6.3B—dashed, blue 
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Figure 6.3. The effects of chemical modification on the visible spectra of 
protein-AuNP conjugates. (A-C) Visible spectra of protein-AUNP conjugates 
before and after chemical modification, in relation to unconjugated AuNPs (black); 
(A) Succinylated lysozyme (green) and acetylated lysozyme (red) at pH 8, exhibit no 
shift in the plasmon peak relative to unconjugated AuNPs. Unmodified lysozyme 
conjugates (blue) display a sharp shift in the plasmon peak under the same 
conditions. (B) Aminated lactalbumin (blue) at pH 5 shows a strongly shifted 
plasmon peak relative to unconjugated AuNPs. Unmodified lactalbumin (red) at the 
same pH does not have a shifted plasmon peak. (C) Succinylated myoglobin (red) at 
pH 5 exhibits no shift in the plasmon resonance peak relative to unconjugated 
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line). In the case of wild-type myoglobin with a pi of 8, we applied the succinylation 
reaction to extend the range of pH values that allow for bionanoconjugate formation. 
Wild-type myoglobin formed aggregates at pH 5, whereas succinylated myoglobin at the 
same pH exhibited only minor changes, indicating a lower level of aggregation (Figure 
6.3C). 
6.2.3. Controlled aggregation modulated by protein stoichiometry 
To further explore the nature of aggregate formation quantitatively using our three 
model proteins in both unmodified and modified forms, we examined AuNP aggregate 
formation using the change in plasmon peak position as a function of protein 
concentration and pH (Figure 6.4). At pH 8, increasing concentrations of lysozyme 
(Figure 6.4A, red) resulted in a sharp shift in the plasmon resonance peak that rapidly 
reached a maximal peak shift at a protein to particle ratio of-20:1, providing evidence 
that lysozyme-induced aggregation is a controlled process. At protein:AuNP ratios 
beyond 20:1, the plasmon peak position gradually decreased and eventually leveled off. 
At protein:AuNP ratios lower than particle surface saturation limit, the proteins 
adhere to the particle surfaces, but the surface coverage is not sufficient to abolish 
repulsive interactions between particles. Thus, minimal change in the plasmon peak 
position is observed at these lower ratios. Protein concentrations at the nanoparticle 
surface saturation limit (~20 proteins per AuNP), which we verified at non-aggregating 
pH values using analytical ultracentrifugation in Figure 6.5, caused the greatest shift in 
the plasmon resonance peak position, likely due to optimal minimization of negative, 
repulsive interactions between particles. Beyond the saturation limit, the gradual 
Figure 6.4. The effect of protein concentration at multiple pH values 
on maximum wavelength peak position. (A) Lysozyme at pH 12 (black) 
exhibits negligible changes in Xmax, even at very high protein 
concentration. Lysosyme at pH 8 (red) displays a sharp increase in Xmax 
for low protein concentrations and A^ ax remains shifted at high protein 
concentrations. Acetylated (green) and succinylated (blue) lysozyme at 
pH 8 do not affect the position of A™^  (B) Lactalbumin at pH 3.4 (black) 
significantly shifts m^ax at low protein concentrations, whereas 
lactalbumin at pH 5 (red) shifts Amax minimally. Aminated lactalbumin at 
pH 5 (green) shifts Xmax significantly at low protein concentrations, but to 
a lesser extent than unmodified lactalbumin at pH 3.4. Aminated 
lactalbumin at pH 7 (blue) exhibits minimal shifting in A^ ax- (C) 
Myoglobin at pH 5 (black) and Myoglobin 63 C at pH 5 (red) both exhibit 
typical shifts in their Xmax values at low protein concentrations. 
Myoglobin at pH 7.7 (green) and myoglobin 63C at pH 7.7 (blue) both 
show nominal changes in Xmax with increasing protein concentratin. 
Succinylated myoglobin at pH 5 (purple) demonstrates no effect on 7^^ 
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decrease and leveling off of the plasmon peak position is due to a layering/stabilization 
effect. As more proteins are added to the bionanoconjugate solution beyond saturation, 
the surface charges on the proteins allow for additional electrostatic attachment of 
proteins to the initial layer of proteins, which may increase the distance between AuNPs 
in solution. As the distance between AuNPs increase, the plasmon resonance peak 
position further blue-shifts. 
At pH 12 (Figure 6.4A-black), minimal shift in the plasmon resonance band was 
observed, even at protein:AuNP ratios of 100:1. These data further support the fact that 
aggregation does not occur substantially above the isoelectric point. For both acetylated 
and succinylated lysozyme (Figure 6.4A-green and blue), the plasmon peak did not shift 
appreciably, even at high concentrations, providing further evidence that the role of 
positively charged amino groups in the formation of bionanoconjugates is prominent. 
Similar phenomena were observed in lactalbumin conjugates above and below the 
pi (Figure 6.4B-red and black, respectively). At pH 3.4, a rapid increase in the plasmon 
peak shift is found that maximizes at a protein:particle ratio of -20:1, whereas the 
plasmon peak above the pi at pH 5 changed very little. With aminated lactalbumin 
conjugates (Figure 6.3B-green) at pH 5, the plasmon peak shifted substantially with 
increasing protein concentration and maximized at a protein:particle ratio of 20:1, and the 
extent of the shift was greater than for aminated lactalbumin at pH 7 (Figure 6.4B-blue), 
which showed no shift in the plasmon resonance peak with increasing protein 
concentration, indicating a shift in the pi of the protein with animation. 
Myoglobin (Figure 6.4C) presents a different opportunity because it contains no 
cysteine residues, making it possible to compare the aggregation process for wild-type 
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myoglobin with a mutant myoglobin that has a single cysteine mutation designed to be 
presented on its surface (Mb63C) (Figure 6.4C-black and red, respectively). Both 
proteins exhibited very little shift in the plasmon peak near the pi. Below the pi, wild-
type myoglobin exhibited the familiar sharp, initial increase of the plasmon peak with 
increasing protein concentration, with maximal peak shift occurring at a protein:particle 
ratio of ~10:1. Mb63C exhibited the same trend in its overall data, except that the 
maximal peak shifting occurred at a proteimparticle ratio of 20:1. We hypothesize that 
this difference derives from the requisite orientation conferred to Mb63C through its thiol 
linkage to the AuNP, which may inhibit optimal electrostatic interaction. This 
arrangement potentially introduces an additional point of control. Both proteins displayed 
minimal shift in the plasmon peak position at pH 7.7, which is at the pi, over the protein 
concentration range examined. Further, succinylated wild-type myoglobin at pH 5 
(Figure 6.4C-purple) showed only a slightly shifted plasmon peak with increasing protein 
concentration. These data together indicate that the shift in plasmon peak position, which 
corresponds to both aggregation and the extent of aggregation, can be controlled through 
solution pH and a variety of simple surface modifications. 
To better account for the trends visualized in Figure 6.4, analytical 
ultracentrifugation (AU) experiments were performed for all protein-AuNP conjugates 
above and below their respective pi's. The sizes of the aggregates obtained below the pi 
were so large that sedimentation proceeded at a rate that could not be measured within 
the limits of the ultracentrifuge. However, Figure 6.5 shows the ability of this tool to 
measure the amount of proteins binding to the gold nanoparticles above the protein pi. 
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Figure 6.5. Analytical ultracenirifugation protein saturation curves. (A) 
Lysozyme-AuNP conjugates at pH 12. (B) Lactalbumin-AuNP conjugates at 
pH 5. (C) Wild-type myoglobin-AuNP conjugates at pH 7.7. The saturation 
limit for all conjugates at a protein: AuNP ratio of 20-30 per AuNP. 
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Previous research has shown that proteins above their pi values are able to attach to 
negatively charged surfaces due to lysine residues that may retain a slight positive charge 
(Brewer, Glomm et al., 2005); alternatively, binding may be driven by non-polar 
interactions. From Figure 6.5, we can assess the number of proteins sufficient to fully 
passivate the surfaces of the gold nanoparticles, which is in the range of -20 protein 
molecules per nanoparticle for all three protein-AuNP conjugates. These data reflect the 
trends shown in Figure 6.4, where the maximum shift in wavelength position below the 
pi occurs at approximately 20 proteins per nanoparticle for lysozyme-, lactalbumin-, and 
myoglobin 63C-AuNP conjugates. In the case of wild-type myoglobin-AuNP conjugates, 
the maximum shift in wavelength position occurs at 10 proteins per nanoparticle in 
Figure 6.4C, which is lower than the saturation limit concentration range estimated from 
Figure 6.5. Note, however, that these sedimentation experiments at different pH's may 
reflect different types of assembly or different features of the complexes than observed 
below the protein pi. 
6.2.4. Kinetics of aggregation 
The time-dependent effects of protein concentration and pH on the spectroscopic 
signature for the aggregates formed by these three model proteins were investigated 
(Figure 6.6). The shift in X,max over time serves as an indicator of aggregate formation 
and growth. For a low lysozyme:particle ratio (5:1) at pH 8 and pH 5, both below the pi, 
no change in the Xmax occurs over time, indicating that 5 lysozyme molecules per AuNP is 
insufficient to elicit aggregation detectable in the visible spectrum, even though small 
changes at this ratio are found with dynamic light scattering (Table 6.2). At a higher 
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Figure 6.6. The effect of time, pH, and protein concentration on maximum 
wavelength peak position. (A) Lysozyme at pH 8 and pH 5 for a protein:particle 
ratio of 5:1 (black and green) demonstrated minimal change in A^ ax with time. 
Lysozyme at pH 8 for a protein particle ratio of 20:1 (red) showed an immediate, 
significant, and consistent shift in Xm^ with time. Lysozyme at pH 5 for a 
protein:particle ratio of 20:1 (blue) also showed a rapid increase in A^ ax, but the extent 
of shifting was even greater than identical conditions at pH 8. (B) Lactalbumin at pH 5 
for protein:particle ratios of 5:1 (black) and 20:1 (red), and at pH 3.4 for a 
protein:particle ratio of 5:1 (green) showed no time-dependent shift in Xmax values. 
Lactalbumin at pH 3.4 and a proteimparticle ratio of 20:1 (blue) exhibited a sustained 
shift in Xmax with time. (C) Myoglobin at pH 7.7 for proteimparticle ratios of 5:1 
(black) and 20:1 (red) did not affect the values of Xmax over time. For myoglobin at 
pH 5, a proteimparticle ratio of 5:1 (green) significantly shifts Xmax over time, with 
maximal shifting occurring gradually. Myoglobin at pH 5 for a proteimparticle ratio 
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lysozyme:particle ratio (20:1), the change in A,max occurs substantially and immediately, 
with pH 5, well below the pi, causing the greatest shift in Xmax. These results suggest that 
higher lysozyme:particle ratios form larger aggregates and do so more rapidly, and the 
aggregate size can be increased by shifting the solution pH further below the pi. 
Lower proteimparticle ratios below the protein pi fail to elicit aggregation 
because there is insufficient number of proteins on the nanoparticle surface to completely 
minimize repulsive, negative charges between gold nanoparticles. The higher 
proteimparticle ratios, in contrast, are sufficient to nearly cover the gold nanoparticle 
surfaces, which minimizes electrostatic repulsion between particles and facilitates 
aggregation. Similar time-dependent data for lactalbumin (Figure 6.6B) demonstrate 
that at low protein:particle ratios (5:1) at pH 3.4 and 5, no shift in A,max is observed over 
time, suggesting that this protein concentration is insufficient for substantial aggregation, 
although protein clearly binds by DLS assessment (Table 6.2). However, at a higher 
lactalbumin:particle ratio (20:1) at pH 3.4, significant change in A,max is found, indicative 
of the rapid formation of larger aggregates. 
In contrast to the time-dependent spectral data for lysozyme and lactalbumin, 
wild-type myoglobin conjugates exhibited a slower aggregation rate below the pi as well 
as aggregation for a myoglobimparticle ratio of 5:1 (Figure 6.6C). For the 5:1 case at pH 
5 (green), a small amount of aggregation occurs rapidly, but a slower reaction is involved 
in reaching the maximum shift, and DLS data show an aggregate (Table 6.2). 
Myoglobimparticle ratios at 20:1 at pH 5 showed an immediate and maximal blue-shift of 
the plasmon resonance peak, similar to higher proteimparticle ratios for the other two 
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model bioconjugates. These data illustrate further opportunity for control over extent and 
time-scale of aggregation. 
6.2.5. Confirmation of aggregation 
Transmission electron microscopy (TEM) was used to demonstrate that the 
bioconjugates observed spectroscopically were actually aggregated under a variety of 
conditions (Figure 6.7). TEM data of the bioconjugates show dispersed nanoparticles 
above the pi and aggregates below the pi. At pH 8 (Figure 6.7A, B), we observe that the 
gold particles oriented themselves mainly in groups or aggregates in the presence of 
lysozyme, whereas the particles are evenly arrayed at pH 12. Similar results are obtained 
for lactalbumin-gold conjugates at pH 3 and pH 5 (Figures 6.7C, D), and for wild-type 
myoglobin-gold conjugates at pH 5 and 7.7 (Figures 6.7E, F). These data are entirely 
consistent with spectral results. However, we note that drying effects can complicate 
image analysis in TEM, which have been noted and described in nanocrystalline 
cadmium selenide, opals, and amylose polymer systems (Gidley and Bulpin, 1989; 
Ohara, Leff et al., 1995; Lu, Chen et al., 2008). Nonetheless, the TEM data provide a 
more qualitative analysis that is consonant with the spectral analysis. 
DLS data for lysozyme-AuNP conjugates above and below lysozyme's pi are 
shown in Figure 6.8 and summarized in Table 6.1 for all conjugates. In all cases for 
unmodified proteins above the pi, the diameter values and ranges are consistent with 
unconjugated gold nanoparticles indicative of minimal aggregation. Acetylated and 
succinylated proteins with the gold nanoparticles also had diameters that were similar to 
Figure 6.7. TEM images of protein conjugates above and below the 
pi of the respective proteins. (A) Lysozyme-AuNP mixtures at pH 8 
show aggregation. (B) Lysozyme-AuNP mixtures at pH 12 are evenly 
distributed, indicating no aggregation. Note the presence of (presumed) 
buffer crystals due to drying. (C) Lactalbumin-AuNP mixtures at pH 3 
show extensive and complex aggregation. (D) Lactalbumin-AuNP 
mixtures at pH 5 show minimal to no aggregation. (E) Myoglobin-
AuNP conjugates form tightly compacted aggregates at pH 5. (F) 
Myoglobin-AuNP mixtures showed very little aggregation at pH 7.7. 
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Figure 6.8. Dynamic light scattering of lysozyme-AuNP 
conjugates. Lysozyme conjugates at pH 12 (green) have a diameter 
profile that is similar to AuNP (red), indicating no aggregation. 
Lysozyme at pH 8 (blue) has a larger and broader range of diameters 
that demonstrate aggregation. The proteins are in 100 fold excess of 
gold nanoparticles. 
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Table 6.1. Summary ofDLS data for all conjugates. Samples were 
prepared at protein: AuNP ratios of 100:1. 
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unconjugated gold nanoparticles, although succinylated myoglobin at pH 5 promoted 
some assembly. Unmodified proteins below the pi and aminated lactalbumin have larger 
and broader ranges in diameter indicative of aggregation. Interestingly, the slight shift in 
the plasmon peak noted for succinylated myoglobin at pH 5 (Figure 6.3C) is reflected in 
the DLS data, suggesting a low level of aggregation. These results correlate with TEM 
and spectral results. The composite data presented demonstrate the capacity for pH 
conditions or modification of pi to promote or hinder aggregation of gold nanoparticles 
with multiple proteins. 
To more fully understand the concentration-dependent phenomena described in 
Figures 6.4 and 6.6, DLS was applied to unmodified protein:AuNP conjugates at a 
variety of protein concentrations, and these results are summarized in Table 6.2. For 
small protein:AuNP ratios, we found low levels of aggregation, as evidenced by the 
larger average diameters in comparison to unmodified AuNPs in Table 6.1. As the 
protein:AuNP ratio was increased, the size of the aggregates increased and remained 
generally consistent, within standard deviations, from ratios of 20-100. These data 
support our findings in Figures 6.4 and 6.5, which suggest that maximal protein coverage 
of the gold nanoparticles occurs at protein:AuNP ratios between 20 and 40. However, 
aggregate formation identified by DLS at smaller protein:AuNP ratios for all cases was 
undetected with UV-Visible spectroscopy (Figure 6.6). 
6.3. Conclusions 
In this work we have established that protein surface charge significantly 
influences the interaction between proteins and gold nanoparticles. Using pH or chemical 
Protein:AuNP -> 5 20 40 100 
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Table 6.2. Concentration-dependent aggregation observed with DLS. 
Low levels of aggregation are observed for small protein:AuNP ratios, and 
maximal aggregation occurs between 20 and 40 proteins per AuNP in most 
cases. 
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modification to alter protein surface charge, significant differences are observed in 
conjugate aggregation. This ability to vary surface charge allows a level of control to 
assist in the fabrication of higher order structures and may be instrumental in designing 
devices tailored to a variety of solution conditions. Two of the proteins investigated, 
lysozyme and a-lactalbumin, have very similar three-dimensional folds but very different 
surface charges. The third protein, myoglobin, has a slightly higher molecular weight, a 
different three-dimensional structure, and a pi that is midway between lysozyme and 
lactalbumin. 
We have shown that we can control the interaction of this set of globular proteins 
with citrate-stabilized gold nanoparticles by altering solution pH: Below a protein's pi 
aggregation occurs, presumably due to particle cross-linking that facilitates complex 
aggregation. Further evidence that this phenomenon is electrostatic is provided by 
elimination or promotion of assembly for proteins with chemically-induced surface 
modifications. Succinylation and acetylation inhibit assembly at pH conditions below the 
native pi, whereas enhanced assembly above the native pi is observed for aminated 
protein. Tunability of size and rate of aggregate growth can also be achieved by 
adjusting pH conditions and consequently protein surface charge. The results presented 
offer a range of alternative means to enhance or minimize aggregation in 
bionanoconjugate systems, thus creating the opportunity to tailor these systems for a wide 
variety of applications. 
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Chapter 7. Concluding Remarks 
In the first part of this thesis, I have shown that analytical ultracentrifugation 
addresses many of the shortfalls presented by well-established methods for the 
characterization of complex nanomaterials, such as nanoparticles coated with both 
organic ligands and biological coatings. For example, AU is able to provide 
hydrodynamic characterization with higher resolution and minimal user bias for a larger 
sample population than both traditional microscopy methods and dynamic light 
scattering. However, AU is clearly not sufficiently developed to exist as a stand-alone 
characterization method. In order to accurately interpret sedimentation data and extract 
meaningful hydrodynamic information, knowledge of the particle shape and size relative 
to surface ligands must be obtained. Currently, microscopy tools are the best methods to 
obtain this information, suggesting that AU and microscopy together provide the most 
robust and complete characterization information with respect to size. 
Despite the fact that AU cannot exist as a stand-alone characterization tool, the 
future is potentially bright for its further applicability. In Chapter 3, AU was applied to a 
bimodal sample of iron oxide nanoparticles (Figure 3.5). Because of the timescale of the 
experiment and other design parameters, sedimentation of the larger component in the 
sample occurred completely within thirty minutes, whereas the smaller component had 
sedimented only slightly. If the ultracentrifuge is stopped thirty minutes after the start of 
the experiment and the supernatant removed, then the supernatant should contain only the 
smaller sample component. AU also allows the process of sedimentation for a sample to 
be viewed in real time. Together, these points suggest that AU could be used to 
optimally separate distinct populations of nanoparticles within a heterogeneous sample. 
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One key disadvantage of AU as a characterization method is the fact that only 500 
microliters of sample are analyzed at a time. While this volume is well over an order of 
magnitude larger than what is typically used for microscopy, it is still too small to be of 
significant use in an industrial setting. Modification of an instrument to accommodate 
larger volumes of material could potentially solve this dilemma, especially for a single 
purification application. One of the main design features of traditional AU is that the cell 
components, such as the windows, are thick relative to the sample volumes contained to 
be able to withstand the significant forces due to high rotational speeds, and it is this type 
of construction that makes AU cells so expensive. Making larger cells of a thickness that 
scales with the increasing rotational force required to sediment materials would further 
drive up the costs. However, the added benefit of being able to analyze or purify larger 
volumes more quickly could potentially outweigh additional expenses. 
In the second part of this thesis, I have demonstrated control over the formation of 
aggregate structures of gold nanoparticles through the manipulation of pH and protein 
surface coatings. Since this work is focused solely on the state of aggregation of the 
nanoparticles and neglects the effects of our experimental parameters on protein structure 
and function, this work is particularly appealing to the field of electronics. Previous 
studies of gold nanoparticles aggregated by 2-aminothiophenol have demonstrated that 
SERS and other electronic enhancements exist between the junctions of two 
nanoparticles, and that the degree of enhancement directly correlates to the size of the 
aggregates (Basu, Pande et al., 2008). Further research in this area could include 
exploring the effects of various nanoparticle aggregating agents, including proteins and 
other types of materials, on the extent of electronic enhancement. Biomolecules, such as 
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cytochrome C, have been shown to retain or enhance their enzymatic activity upon 
conjugation to citrate-stabilized gold nanoparticles (Zhao, Henkens et al., 1992; Bjerneld, 
Foldes-Papp et al., 2002). Perhaps careful consideration of the electronic properties of 
nanoparticle aggregating agents could elicit even more significant electronic 
enhancements. 
Regardless of the many applications and further studies that will result from the 
use of all types of nanomaterials, the ability to characterize these materials quickly, 
efficiently and effectively will remain a core area of research since size often dictates the 
range of suitable applications for nanomaterials. Further, extensive knowledge and 
control over assembling or maintaining discrete nanomaterials will expand the number 
and types of materials available for existing and future applications. The work in this 
thesis has begun to address these two concerns directly by proposing a quantitative 
characterization strategy with analytical ultracentrifugation and reporting methods to 
control the assembly of isolated bionanoconjugates into complex aggregates. 
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